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ABSTRACT
CALCIUM AND METABOLISM IN SPERM: FUNDAMENTAL PLAYERS FOR
FERTILIZATION AND EMBRYO DEVELOPMENT
MAY 2017
FELIPE A. NAVARRETE, B.A., UNIVERSITY OF MASSACHUSSETTS
AMHERST
Ph.D UNIVERSITY OF MASSACHUSSETTS AMHERST
Directed by: Professor Pablo E. Visconti
Mammalian sperm acquire the fertilizing ability in the female tract in a
process known as capacitation. At the molecular level, capacitation is associated
with the up-regulation of a cAMP-dependent pathway, changes in intracellular
pH, intracellular Ca2+, ATP consumption and an increase in tyrosine
phosphorylation. However, little is known about the function of Ca2+ and ATP
during this important process. These signaling systems interact during
capacitation are still not well understood.
Results presented in this study indicate that Ca2+ ions have a biphasic
role in the regulation of cAMP-dependent signaling. Sperm incubated in zero
Ca2+ in this medium did not undergo PKA activation or the increase in tyrosine
phosphorylation suggesting that these phosphorylation pathways require Ca2+.
However, chelation of the extracellular Ca2+ traces by EGTA induced both cAMPdependent phosphorylation and the increase in tyrosine phosphorylation. The
EGTA effect in nominal zero Ca2+ media was mimicked by two calmodulin
antagonists and by the Calcineurin inhibitor. These results suggest that Ca2+ ions

vi

regulate sperm cAMP and tyrosine phosphorylation pathways in a biphasic
manner and that some of its effects are mediated by calmodulin.
Several other models revealed the need of Ca2+ for capacitation and fertilization.
For example, sperm from Ca2+ channel CatSper1 knockout (KO) mice underwent
PKA activation and an increase in tyrosine phosphorylation, but it was not able to
fertilize. When CatSper KO sperm was treated with a transient exposure of Ca2+
ionophore A23187 fertilizing capacity was rescued. In the same sense, transient
incubation of mouse sperm with A23187 accelerated capacitation and rescued
fertilizing capacity in sperm when PKA inhibitor H-89 was used. As a result,
infertile KO models linked to cAMP-dependent signaling (soluble adenylyl
cyclase and K+ channel) were also rescued with A23187. In contrast, sperm from
infertile mice lacking the Ca2+ efflux pump PMACA4 were not rescued. These
results indicate that a transient increase in intracellular Ca2+ can overcome
genetic infertility in mice and suggest this approach may prove adaptable to
rescue sperm function in certain cases of human male infertility.
Sperm required energy for motility, and glucose is one of the main drivers.
When both glucose and pyruvate are removed sperm motility decrease becoming
immotile. Unusually, immotile sperm significantly recovered motility and
hyperactivation when substrates are provided back (SER treatment: starve +
rescue). Increased sperm hyperactivation improve fertilization rates in different
sub-fertile mouse models, and also, embryo development and number offspring
are improved compared with the control. Infertile model CatSper KO sperm
fertilizing ability is not rescued. Still, A23187 and SER treatment combination
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rescue fertilization and embryo development. Suggesting that, metabolism and
Ca2+ are fundamental players fertilization and embryo development.
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CHAPTER 1
INTRODUCTION
1.1 Sperm Capacitation
After mammalian sperm are ejaculated into the female reproductive tract, they
must undergo a series of physiological, biological and molecular changes in order
to be fully competent to fertilize the egg. All these changes are known as sperm
capacitation. As a part of capacitation, sperm must acquire an asymmetrical
flagellar beating known as hyperactivation. Other steps in capacitation are the
ability to bind the zona pellucida, to undergo the acrosome reaction and to fuse
with the oocyte. Together, these processes promote fertilizing competence in
sperm. At the molecular level, capacitation involves a series of signal
transduction events, which includes activation of cAMP-dependent
phosphorylation pathways (Harrison, 2004), changes in intracellular pH (Zeng et
al., 1996), intracellular Ca2+ (Ruknudin and Silver, 1990), hyperpolarization of the
sperm plasma membrane potential (Em) (Escoffier et al., 2012), loss of
cholesterol (Cross, 1996; Davis et al., 1980), an increase in tyrosine
phosphorylation(Visconti et al., 1995a) and increase in ATP production and
consumption (Hereng et al., 2011).
One of the changes that sperm undergo during capacitation is the increase in
intracellular Ca2+. Previous studies have shown the importance of Ca2+ in many
systems as a second messenger (Clapham, 2007). In spermatozoa, Intracellular
Ca2+ is a key messenger with positive effects on sperm activity and fertilizing
ability (Carlson et al., 2003; Darszon et al., 2005). Pharmacological and genetic
loss-of-function experiments have shown a central role of this ion in the
1

regulation of sperm motility and the acrosome reaction. Genetic loss of the Ca+2
channel complex CatSper has shown an infertility phenotype in mouse sperm
(Ren et al., 2001) indicating the importance of CatSper in sperm. Other players in
the regulation of Ca2+ in sperm are Ca2+ extrusion systems. Two of those are the
Na+/Ca2+ Exchanger and the Plasma Membrane Ca2+ ATPase (PMCA) protein
families. Sperm from PMCA4b KO mice are deficient in both progressive and
hyperactivated motility resulting in sterility (Okunade et al., 2004). Therefore,
PMCA4 has been shown to be an essential Ca2+ efflux pump in the murine
system (Wennemuth et al., 2003a). Concerning Ca2+ targets, Ca2+-dependent
enzymes may be activated directly by Ca2+ or indirectly by interaction with
Ca2+/Calmodulin (CaM). Calmodulin (Wasco et al., 1989) and several
Ca2+/Calmodulin targets, including phosphodiesterase I (Baxendale and Fraser,
2005), calcineurin (Tash et al., 1988) and Calmodulin Kinase II and IV (Ignotz
and Suarez, 2005; Marin-Briggiler et al., 2005; Wu and Means, 2000), have been
shown to be present in mammalian sperm. However, their roles in the regulation
of sperm function have not been established.
Another intracellular change during sperm capacitation is the production and
consumption of Adenosine triphosphate (ATP). Glycolysis and mitochondrial
oxidative phosphorylation (OXPHOS) are the two major metabolic pathways
generating cellular energy in the form of ATP. In spermatozoa, these metabolic
pathways produce enough ATP to sustain motility and other functions (Mukai and
Okuno, 2004). Previous studies recognized glycolysis as the main source of ATP
to fuel the motility of mouse sperm (Goodson et al., 2012). ATP is also required
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for preservation of sperm intracellular ion concentrations, including Ca2+ and H+,
which serve as key signals during sperm capacitation (Kirichok and Lishko,
2011). Previous studies have shown that mice deficient of CatSper1, ADCYC10,
Slo3, PMC4 and the Cα2 subunit of PKA genes have a substantial decrease of
sperm ATP levels and motility (Esposito et al., 2004; Prasad et al., 2004; Santi et
al., 2010; Xia et al., 2007). Consequently, these reductions point to a strong
connection between metabolism and capacitation-associated signaling
components. However, direct links between these processes are not well
understood. Therefore, the present project focuses and brings together the role
of Ca2+ and ATP in sperm capacitation and fertilization. In addition, here we
present results suggesting that sperm capacitation also plays a role after
fertilization in processes related to embryo development.
1.2 Calcium Channels in sperm
As mentioned, the increase sperm intracellular Ca2+ is crucial for fertilization.
Evolution has created diverse Ca2+-permeable channels and located them at
distinct sites in spermatozoa so that they can help propagate the species.
However, how extracellular Ca2+ enters the sperm is not well understood. During
the past decades, different studies have discovered a large number of plasma
membrane Ca2+-permeable ion channel proteins and mRNAs in testis and sperm
(Darszon et al., 2011). Among those are included high-voltage-activated and lowvoltage-activated Ca2+-selective channels (CaVs), Cyclic nucleotide-gated (CNG)
channels, TRP channels and CatSper channels.
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Voltage-gated Ca2+ (CaV) channels are very important, as they are
responsible for the increase of intracellular Ca2+ by membrane potential (Em)
changes. These channels control a series of functions such as secretion,
contraction, neurotransmission and gene expression in diverse cell types
(Catterall and Few, 2008). In spermatozoa, several studies have shown the
presence of different CaV subunits such as CaV1.2 and CaV2.1 in
spermatogenic cells, but not in mature sperm cells (Serrano et al., 1999).
Nevertheless, the presence of all three subunits of CaV3 was detected by
western blot in both mouse and human mature sperm (Jagannathan et al., 2002;
Serrano et al., 1999). Significantly, western blot and immunohistochemistry
experiments using CaV3.1 or CaV3.2 null mice as controls confirmed that
CaV3.2 channels are present in mature sperm cell (Escoffier et al., 2007).
Although, their function is still presently unknown in sperm.
Other channels that have been described in the literature are the cyclic
nucleotide-gated (CNG) channels. These channels have been linked to sensory
transduction processes (vision and olfaction); however their function in other
tissues such as brain, kidney, heart, or sperm is not clear (Cukkemane et al.,
2011). CNG channels have a high affinity to cyclic adenosine monophosphate
(cAMP) or cyclic guanosine monophosphate (cGMP) and they open when either
of these two molecules binds to it. In addition, they have low ion selectivity, are
weakly voltage sensitive, and distinct from other channels, they do not inactivate
or desensitize (Brown et al., 2006). CNG channels have a differential selectivity
to cAMP or cGMP depending on a particular subunit combination (Pifferi et al.,
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2006). In mature spermatozoa, A3 and B1 subunits of CNG channels subfamilies
were localized in the flagellum (Kaupp and Seifert, 2002). Cloned A3 subunit has
shown to be more sensitive to cGMP than cAMP, and when cGMP was added in
heterologous models intracellular Ca2+ was ten fold higher than the control
(Weyand et al., 1994). Suggesting, these channels might be involved in a cGMPstimulated Ca2+ influx into intact sperm. Further experiments indicated that
addition of permeable cGMP to mouse spermatozoa triggered the increase of
intracellular Ca2+, whereas cAMP did not show this Ca2+ rise (Kobori et al., 2000).
Surprisingly, experiments with CatSper Knock-out did not provoke the increase of
intracellular Ca2+ when cAMP or cGMP where added (Ren et al., 2001). When
the A3 subunit of the sperm CNG was knocked down, the mice remained fertile
(Kaupp and Seifert, 2002). This suggested that CNG channels are not essential
for fertilization.
Other channels are the members of the transient receptor potential
channels (TRPs), which are composed by seven groups (TRPC, TRPV, TRPM,
TRPA, TRPP, TRPN and TRPML) and they contribute in Ca2+ signaling in
different cell types. TRPs have a large variety of gating and regulatory
mechanism such as, thermal, chemical and mechanical transducers, which
controls the intracellular Ca2+ concentration in the cell (Darszon et al., 2011).
Different studies have shown the role of TRP channels in different vertebrates
(Auzanneau et al., 2008; Bernabo et al., 2010; De Blas et al., 2009; Gervasi et
al., 2011; Kumar et al., 2016; Majhi et al., 2013). TRPV1 is localized in the post
acrosomal region in human spermatozoa (Francavilla et al., 2009), while in boar
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spermatozoa it is found at the post acrosomal and in midpiece region (Bernabo et
al., 2010). In fish sperm, TRPV1 is located mainly at the midpiece region (Majhi
et al., 2013). Despite the relevance of these channels and their localization in
different sperm compartments in different species, their physiological function in
sperm has not been elucidated (Darszon et al., 2011). According to Ren et al, for
an ion channel to have physiological importance in sperm, it should comply with
the following criteria: 1) the protein must be detectable in sperm, ideally with
knockout sperm as a negative control for antibody specificity; 2) the ion channel
current generated by the protein should be detectable by patch-clamp recording;
3) blocking the channel with highly selective blockers should impair sperm
function; 4) mutations in the gene encoding the protein should lead to defects in
sperm action and male fertility (Ren and Xia, 2010). Therefore, in support of this
idea only one of the Ca2+ channels proposed matches these criteria, the CatSper
channel complex.
1.2.1 CatSper channel and sperm hyperactivation
CatSper is a sperm specific cation channel. It is a weakly voltage-dependent
that is Ca2+ selective and pH-sensitive ion channel that controls the entry of
positively charged Ca2+ ions into sperm cells. This is essential for sperm
hyperactivation and male fertility (Lishko et al., 2012). CatSper is composed of
four subunits, CatSper 1,2,3 and 4 forming a heterotetramer. In addition, the
channel contains five auxiliary subunits—CatSperβ, CatSperγ, CatSperδ,
CatSper ε and ζ, respectively —of unknown stoichiometry (Chung et al., 2017;
Ren and Xia, 2010). All CatSper subunits are sperm-specific proteins and have
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been shown to colocalize in the principal piece of both mouse and human sperm
flagellum (Quill et al., 2001; Ren et al., 2001).
In murine models, studies have revealed that a genetic modification of any of
the four CatSper sub-units or CatSper δ finishes in loss of hyperactivated motility
(Qi et al., 2007). CatSper was measured directly using electrophysiology. These
results was achieved using whole-cell patch-clamp technique applied to mouse
spermatozoa (Kirichok et al., 2006). Comparison of ion currents recorded from
wild type and CatSper1 knockout spermatozoa confirmed that CatSper1 is
required for a highly selective Ca2+ current (Kirichok et al., 2006). Loss of
CatSper resulted in an infertile phenotype.
The regulation of CatSper channel may change remarkably between species
due to differences in orthologs of CatSper subunits. For example, CatSper
channel of murine spermatozoa is not sensitive to the activators of human
CatSper, such as progesterone and prostaglandins (Lishko et al., 2011).
Similarly, the pH sensitivity of CatSper is considerably lower in human compared
to mouse sperm (Brenker et al., 2014). These observations reflect the differences
in the CatSper channel activation mechanism and evolutionary trends in CatSper
genes (Lishko et al., 2012). Recently, Williams et al. (2015) have established that
the adverse loss of CatSper channel in human sperm decreases male fertility. In
addition, it has been proposed that premature activation of CatSper channel by
endocrine disrupting chemicals make sperm less sensitive to the effects of
physiological CatSper ligands, such as progesterone and prostaglandins.
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Therefore, it may impair the precisely coordinated sequence of fertilization
(Schiffer et al., 2014).
The influx of Ca2+ mediated by CatSper leads to a rise in sperm intracellular
Ca2+ concentration, which facilitates vigorous and faster sperm movements.
However, the data generated by these previous studies have not been
complemented with more signal transduction, translational and biological
approaches. Further experimental work is needed to address the role of this
channel in male reproduction and sperm signaling.
1.2.2 Calcium effluxes in the sperm cell
Mammalian spermatozoa have developed multiple strategies to introduce or
extrude Ca2+, and use Ca2+ as messenger to control physiological responses
(Babcock and Pfeiffer, 1987; Darszon et al., 1999; Publicover et al., 2007; Ren et
al., 2001; Wennemuth et al., 2003a). Ca2+ is considered a master regulator of
hyperactivated motility (Carlson et al., 2003), an essential second messenger for
the acrosome reaction (De La Vega-Beltran et al., 2012a) and an important
transducer for fertilization capacity (Qi et al., 2007). Two main Ca2+ clearance
mechanisms of mouse sperm have been described in literature, one of them is
plasma membrane Ca2+-ATPase 4 (PMCA4)(Okunade et al., 2004). Loss of
PMCA4 gene leads to impair the progressive and hyperactivated motility with an
infertility endpoint. However, the regulation of PMC4 in sperm is still not well
understood. Recently Junctional Adhesion Molecule A (JAMA) was shown to
have a role in sperm (Shao et al., 2008). The Jam-A null mouse display a severe
subfertility due to progressive and hyperactivated motility sperm defects that are
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linked to highly overload of cytosolic Ca2+ (Shao et al., 2008). Recently, the same
group found that Ca2+/calmodulin-dependent serine kinase (CASK) is an
interacting partner of both PMCA4b and JAM-A. The results they have obtained
have shown that when the JAM-A gene is lost, CASK-PMAC4b interaction
increases. This increased interaction results in the inhibition of PMCA4 function,
which suggests that CASK regulates PMCA4’s activity by direct binding. These
authors conclude that JAM-A positively, but indirectly, regulates PMCA4 by
sequestering CASK under conditions of elevated Ca2+ (Aravindan et al., 2012).
Another Ca2+ clearance mechanism in mammals’ cells is the plasma
membrane Na+-Ca2+ exchanger (NCX). When intracellular Ca2+ is elevated NCX
can export one Ca2+ ion and import three Na+ ions (Philipson and Nicoll, 2000).
However, in mouse sperm studies the NCX has shown low activity compared to
the PMC4 (Wennemuth et al., 2003a). The Wennemuth model predicted that
when cytosolic Ca2+ was at 1 μM, the rates of removal by the PMC4 and NCX
pump were significantly slower for other cell types studied by similar methods.
Therefore, they concluded that the main functions of sperm do not require the
fast recovery from high intracellular Ca2+. Our work will take advantage of these
previous studies to understand how high concentrations of intracellular Ca2+ can
modulate, change and activate physiological and signaling pathways during
sperm capacitation.
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1.2.3 Calcium signaling pathways in sperm capacitation
In mammalian sperm species, Ca2+ orchestrates sperm hyperactivated
motility and fertilization. Genetic loss of Ca2+ channel CatSper impairs the
fertilization capacity of sperm (Clapham, 2007). On the other hand, plasma
membrane Ca2+ ATPase (PMCA4b) null mice are deficient in both progressive
and hyperactivated motility resulting in infertility (Okunade et al., 2004). Ca2+ is a
second messenger that interacts with Ca2+ dependent proteins. In sperm, Ca2+
activates different effectors directly or indirectly (Clapham, 2007). The most
commonly described is Calmodulin (CaM), which when inhibited with an
antagonist shows a significant inhibition of tyrosine phosphorylation. CaM
inhibitors adversely affected sperm motility but not viability (Zeng and Tulsiani,
2003). However, CaM has been shown to have different functions by regulating
and activating the functions of multiple enzymes, including Ca2+/CaM dependent
protein kinases. Others are phosphodiesterase 1 that hydrolyzes cAMP during
sperm capacitation (Baxendale and Fraser, 2005), acting as regulator of the
protein kinase A in sperm and Calcineurin. Calcineurin is a Ca2+ or Calmodulin
dependent serine/threonine phosphatase that plays an important role in Ca2+
signaling (Klee et al., 1998). The Calcineurin null mouse has being shown to be
infertile due to the lack of a flexible midpiece in the sperm (Miyata et al., 2015). In
other cell types such as immune system, Calcineurin dephosphorylates the
nuclear factor of activated T cells (NFAT) in order to up regulate the expression
of interlukin-2 (Klee et al., 1998). However in sperm, Calcineurin has being
shown to play a role during epididymal maturation but not during
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spermatogenesis, meaning that, Calcineurin is regulating proteins functions than
regulating gene expression on sperm (Miyata et al., 2015).
In the same context, Calmodulin kinases regulated by Ca2+/CaM belong to a
subfamily recognized as CaM kinases (CaMK) I, II and IV. In somatic cells,
CaMK have been shown to phosphorylate transcription factors, where it plays an
important role regulating gene expression in somatic cells. The expression of
these proteins has been reported in different tissues such as thymus, brain, bone
marrow, ovary and testis (Means et al., 1991). CaMK II has been shown to
stimulate hyperactivation motility, and localize in the flagellum and acrosomal
region of bovine sperm (Ignotz and Suarez, 2005). The use of CaMK II inhibitors
in mice sperm showed a decrease in motility concluding that CaMK II is involved
in sperm motility (Schlingmann et al., 2007). In the testis, CaMK IV is localized in
mouse spermatogonia and spermatids (Wu et al., 2000). CaMK IV null mouse
was reported is infertile due to lack of right spermiogenesis and loss of
protamine-2 phosphorylation by CaM IV demonstrated in two studies (Wu et al.,
2000). However, a year later another group described that CaM IV null mice
exhibited normal spermatogenesis and fertility (Blaeser et al., 2001). Therefore, it
is not clear what the real function of CaMK IV is in the sperm. Other studies have
showed that CaMK IV is localized in the flagellum of human sperm (MarinBriggiler et al., 2005). Then when those sperm are incubated with CaMK
inhibitors (KN62 and KN93), they resulted in a significant decrease of sperm
motility and ATP content (Marin-Briggiler et al., 2005). Therefore, CaMKs might
have different functions in different species.
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All the Ca2+ dependent enzymes are shown to be present in mammalian
sperm. However, their roles in the regulation of sperm function have not been
described. Leading us into the next chapters, where the role Ca2+ ions in the
regulation of the capacitation-associated increase in tyrosine phosphorylation will
be the focus
1.3 Bioenergetics of Sperm
Forward and hyperactivated motility have distinctive movements in most
male gametes, and this distinctive movement permits the spermatozoa to reach
the female gamete for fertilization. The sperm must undergo extensive periods of
time in adverse conditions meanwhile remaining active and motile. Therefore,
every single energy source must be wisely and efficiently used in order to fertilize
the egg.
Sperm motility is dependent of the hydrolysis of ATP (Ford, 2006), and up
to 70% of ATP is consumed by sperm motility (Bohnensack and Halangk, 1986).
In the same context, the rest 30% of ATP is used to transport ions, molecules
through membranes and to activate all the signaling pathways that are involved
in sperm capacitation. Curiously, mice lacking of capacitation-associated
signaling components genes, such as bicarbonate-dependent stimulation soluble
adenylyl cyclase (ADCYC10), Ca2+ channel CatSper, or the Cα2 subunit of PKA
have shown a reduced level of sperm ATP and motility (Esposito et al., 2004;
Nolan et al., 2004; Ren et al., 2001). These reductions show a connection
between capacitation associated signaling and metabolism. However, how these
two mechanisms interact is not well comprehended.
12

Fig 1.1 Sperm Metabolism (Visconti, 2012)
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1.3.1 Sperm Metabolism
One essential function of sperm is to generate a continuous supply
of ATP in the male and female tract in order to use a mechano-chemical
movement system called axoneme, which is localized in its flagellum. Sperm ATP
amounts are needed differently throughout its life period. For example, during
epididymal maturation the use of ATP is less compared to later in the female
reproductive tract when they undergo capacitation and hyperactivation. Sperm
must have a reliable and consistent mechanism to supply ATP as they go
through these events.
In the early 1940s, different groups had shown that bovine sperm were
able to convert glucose to lactic acid to sustain motility (Mann, 1945). They then
concluded that mammalian sperm could produce energy by anaerobic glycolysis,
by oxidation of the metabolic by-products of glycolysis or by oxidation of
endogenous substrates (Mann, 1945; Mann and Lutwak-Mann, 1948). However,
in recent years conflicting studies on sperm bioenergetics have been reported,
and it is partly to species variation of metabolic patterns. (du Plessis et al., 2015;
Ford, 2006; Miki, 2007; Turner, 2006). For example, sperm from the guinea pig
and boar are unable to support motility by anaerobic glycolysis and depend on a
much greater degree on oxidative respiration (Aalbers et al., 1961; Frenkel et al.,
1973; Nevo et al., 1970). In the same context, glucose has shown inhibitory
capacitation effects in bovine sperm, but not in motility. So the energy
requirements can be met by glycolysis as well as oxidative respiration (Parrish et
al., 1989). In horses, mitochondrial inhibitors, (carbonyl cyanide m-chlorophenyl
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hydrazone CCCP, Rotenone, antimycin A) drastically reduced sperm ATP levels
and have a rapid loss of velocity. In contrast, a recent study showed that sperm
with higher oxidative stress were the most fertile. Suggesting that oxidative
respiration is the main energy producer for horse sperm capacitation (Gibb and
Aitken, 2016). In human sperm, glycolytic ATP production is suggested to be
required for hyperactivated motility and depend less on the energy of oxidative
phosphorylation (du Plessis et al., 2015). A recent study, a mouse model
(Goodson et al., 2012) suggested that glucose is important for hyperactivation
and tyrosine phosphorylation (Goodson et al., 2012). In contrast, respiratory
substrates (pyruvate) could not maintain sperm hyperactivated motility unless
glycolysis is also functional. Therefore, mammalian sperm are capable of
producing ATP by glycolysis and by oxidative phosphorylation. In the fourth
chapter, we are going to focus on mouse sperm bioenergetics as a modulator for
improved hyperactivation, fertilization and embryo development rates.
1.3.2 Glycolysis or oxidative phosphorylation in mouse sperm capacitation
According to Goodson et al the addition of glucose and mannose, and not
of fructose, is sufficient to begin all the events involved in the increase of
hyperactivation motility in mouse spermatozoa (Goodson et al., 2012). Glucose is
mainly used by cytosolic glycolysis in somatic and gamete cells. Cells have
developed channels to transport different hexoses through the lipid bilayer (Bucci
et al., 2011). Glucose transporters, or GLUTs are proteins that enable the
transport of glucose into the cell. In mouse spermatozoa, GLUT3 is abundantly
expressed (Bucci et al., 2011). GLUT3 is expressed along the entire length of the
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sperm flagellum in order to improve the effective use of glucose (Bucci et al.,
2011; Chung et al., 2014). Sperm require large quantities of ATP; therefore
because GLUT3 has a high-affinity glucose transporter, it is indispensable for
successful fertilization (Simpson et al., 2008). In other words, glycolytic flux is
firstly regulated at this point. Glycolysis can use a variety of substrates and the
most effective to produce hyperactivated motility is glucose in mouse
spermatozoa (Goodson et al., 2012). Glucose in the cytoplasm is converted to
glyceraldehyde-3-phosphate by using 2 molecules of ATP per mol of glucose.
Then, 4 molecules of ATP are produced when glyceraldehyde-3-phosphate is
converted to pyruvate. Overall, glycolysis results in a net production of 2
molecules of ATP by oxidation per molecule of glucose (Fig1.1 B).
In most somatic cells, the end product of glycolysis (pyruvate) enters the
TCA cycle in the mitochondria where NADH and FADH molecules are produced.
The oxidation of NADH and FADH in the electron transport chain generates ATP
molecules by oxidative phosphorylation. Krebs cycle and electron transport chain
cycles produce a net production of 36 ATP molecules per mol of glucose (FIG1.1
C, D).
Spermatozoa have a large number of mitochondria strategically located in
the midpiece, where they can efficiently power the flagellum (du Plessis et al.,
2015). Mitochondrial oxidation is more efficient than glycolysis for ATP
production, and it has been considered the major step of ATP production.
However, recent studies have shown that mouse spermatozoa have a
preferential use of glycolysis as the main energy producer to drive capacitation
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and fertilization. When the sperm specific iso-enzyme glyceraldehyde-3phosphate dehydrogenase (GAPDH) and glyceraldehyde-3-phosphate
dehydrogenase-S (GAPDS) (Fig1.1B) were genetically deleted the sperm were
immotile and motility could not be rescued by the addition of pyruvate (Miki et al.,
2004).
In a further study, the correlation between glycolysis and flagellar
movement was evaluated more carefully by doing a detailed measurement of
beat frequency, bend angle, sliding velocity and local bending of the flagellum
(Takei et al., 2014). Experiments with glycolysis inhibitors (α-chlorohydrin and 2deoxy-d-glucose decrease ATP concentration at the distal end of the flagellum
even in the presence of respiratory substrates (Takei et al., 2014). In addition, the
ADP and AMP were increased after α-chlorohydrin treatment. In the same sense,
it was shown that ADP inhibits dynein ATPase (Okuno and Brokaw, 1979), and
therefore increased levels of ADP and decreased ATP may impair microtubulesliding velocity. Takei et al results suggest that glycolysis may have more
functions than an ATP production, but also as an energy transferring system
through the whole flagellum (Takei et al., 2014).
ATP is the major fuel for sperm motility, including energizing the axoneme
machinery that transforms chemical energy to mechanical energy. In addition,
ATP intervenes at many steps during sperm capacitation, controlling all the steps
during fertilization. Sperm has evolved to produce ATP by two different pathways
glycolysis and oxidative phosphorylation in order to adequately sustain
capacitation and achieve hyperactivation. Different studies have shown sperm
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metabolism during capacitation, but the general understanding of the biological
and biochemical framework from these investigations is still unclear.
The metabolic pathway that is mainly required for the production of energy
during capacitation, hyperactivation and fertilization is still under investigation.
Studies argue whether sperm cells are able to get the necessary energy from
glycolysis or from oxidative phosphorylation. But it appears that these two
metabolic pathways are used differently by different mammalian species and
might depend on the substrates availability or on the oxygen concentration. In
other words, spermatozoa respond to extracellular changes in energy demand by
controlling glycolytic flux or mitochondrial respiration in relation to the metabolic
status of the cell.
Metabolic pathways initiated during the sperm journey in the female tract
may serve different purposes such as sperm motility, hyperactivation, protein
phosphorylation, sperm structural changes and maintaining adequate
intracellular ions among others. For this reason, it is important to understand
what is occurring beyond sperm capacitation. Sperm capacitation must be looked
as a whole process from capacitation to fertilization. Sperm contain DNA, RNA
and proteins that will be incorporated in the female gamete and will be
transmitted to the future offspring. Therefore, changes in sperm metabolism can
be important in driving development of the embryo and future offspring. In the
fourth chapter, we are going to focus on how energy substrates such as glucose
and pyruvate, modulate different parameters such as motility, hyperactivation and
fertilization during sperm capacitation and how the regulation of these metabolic
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pathways impact embryo development, implantation and the offspring after
artificial and in vitro fertilization.
1.4 Assisted reproductive technologies (ART) such as artificial
insemination, in vitro fertilization and intracytoplasmic sperm injection
(ICSI) as methods to overcome male infertility
When Austin and Chang discovered sperm capacitation and the acrosome
reaction (Austin, 1951; Chang, 1951), it took more than a decade for IVF to be
conducted in rabbits (Chang, 1959) Then a few years later in mice by
Yanagimachi and Chang (Yanagimachi and Chang, 1963). Still, it took another
decade to have a completely defined and efficient fertilization system (Toyoda Y,
1971). Several years after in 1978, human IVF was successfully achieved, and
Louise Brown, the first test tube baby was born (Steptoe and Edwards, 1978).
Two years before in 1976, Uehara and Yanagimachi discovered that fertilization
could be accomplished by injecting sperm directly into hamster eggs cytoplasm
using a pipette (Uehara and Yanagimachi, 1976), and then in 1992 Palermo
achieved micro-manipulated fertilization in human eggs calling the technique
Intra-Cytoplasmic Sperm Injection or ICSI (Palermo et al., 1992). All these
discoveries boosted assisted fertilization for infertile couples, but also these
technologies have tremendously improved other industries that depends on
reproduction such as bovine, equine, porcine, ovine and laboratory mice.
Male factor infertility is a disorder that affects different mammalian species
including human; however, many of its causes are unknown (Sharlip et al., 2002).
Most of male infertility problems known are associated with low sperm production
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(oligospermia), poor sperm motility (asthenospermia), or abnormal morphology
(teratospermia)(Fauser et al., 2014). In addition, there are other causes that are
not well defined. When male infertility is suspected, different physiological
therapies are prescribed before applying more invasive techniques such as diet
change, exercise, testosterone injections and a few others. If therapy is not
successful, then assisted reproduction techniques are used. The most common
assisted reproductive techniques (ART) are intrauterine insemination (IUI), in
vitro fertilization (de Mouzon et al.), and intracytoplasmic sperm injection.
However, until now not all ART methods have been successful to overcome all
the male infertility factors in different mammalian species. This is due to several
reasons such as: 1) every single mammalian species is different; 2) sperm
gamete cannot be manipulated genetically and the production of viable embryos
are very low compare to in vivo ones. Therefore, there is a need to understand
the genetic, biochemical and physiological basis of male infertile phenotypes to
discover the causes of infertility and determine effective ART treatments for
different species including humans.
1.4.1 Intrauterine Insemination or Artificial Insemination
The most commonly use ART is intrauterine insemination (IUI). In IUI, a
small volume of ejaculated sperm is introduced trans-cervically into the uterine
cavity during female ovulation. The reason behind this technique is to choose
the best sperm by washing them and bypass the cervix in order to drive the
sperm closer to the oocyte (Bensdorp et al., 2007). However, IUI is being used
differently by different reproduction industries. In human, IUI is mainly used when
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the couple cannot conceive for at least one year of trials and sperm parameters
look fine but the couple cannot undergo pregnancy (Bensdorp et al., 2007). IUI
use has decreased in human IVF clinics due to the low success rates (Reichman
et al., 2013). On other hand, IUI is the golden technique in the cattle, horse and
porcine industries because it is fast and easy. It has remained the main vehicle
for the rapid dispersal of desirable genomes to improve the genetic quality of the
livestock, and reduce the number of lethal genes (Vishwanath, 2003). The
introduction of cryoprotectants for semen and advances in the freezing protocols
has made dramatic improvements in the transport of semen to any destination,
inseminating livestock, preserving the genetics of the desire animals. In addition,
freezing sperm is used in humans to preserve sperm if diseases appear such us
cancer because chemotherapies have been shown to damage gametes (Suhag
et al., 2015; Verberckmoes et al., 2004). However, the freezing procedure is not
as effective in all species as it is in cattle. Semen of horses and pigs are very
vulnerable to low temperatures damage. Therefore, these two industries have
developed semen extenders in order to overcome this freezing problem and be
able to transport semen, store it for a couple of days and then inseminate the
desire animals (Hinrichs, 2013; Vazquez et al., 2008). Laboratory mice were one
the first species where IUI technique was implemented and described (Dziuk and
Runner, 1960). However, nowadays this technique is used less because the
freezing-thawing protocols have not been well developed and many of genetically
transformed mouse lines have shown a reduction in fertility using this procedure
(Liu et al., 2009; Nishizono et al., 2004). Artificial insemination in mice is still
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inefficient (Stone et al., 2015), making this technique almost obsolete. Therefore,
the mice lab industry has invested time in developing and improving other ART
technologies such as IVF and ICSI for these important mouse lines.
1.4.2 In vitro Fertilization
There are several factors that lead a couple toward using in vitro
fertilization (de Mouzon et al., 2010). Among those are: 1) when severe male
factor infertility is present; 2) after specific treatment of male and female factors
affecting fertility; or 3) when IUI has been unsuccessful (de Mouzon et al., 2010).
The main goal of IVF is to increase the quantity and quality sperm in order to
facilitate fertilization of an egg in a dish instead of in the oviduct. This technique
facilitates and overcomes the sperm passage throughout the female tract. IVF
has different outcomes depending on the mammalian species, for example, in
human, bovine and mouse species IVF works fine when fresh sperm is used. But
when frozen-thawed sperm is used fertilization rates decreases significantly
(Brown et al., 2016; Ferre et al., 2016; Liu et al., 2009; Perteghella et al., 2015).
Suggesting that lots of sperm are being damage by the freezing procedure or
their ability to capacitate has decreased. On the other hand, horse sperm cannot
fertilize in vitro due to the lack of the right capacitation state, and until now IVF in
horses has not been possible to achieve reproducibly (Hinrichs, 2013; Leemans
et al., 2016). IVF in porcine is the opposite of the horse due to polyspermy, which
is the fertilization of an egg by multiple sperm, and the results of such unions are
lethal (Perteghella et al., 2015). IVF has become the most valuable technique for
human clinics and the lab mice industry. In human, large number of clinics use
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IVF as end point to overcome male or female infertility, preserve future
generations as embryo form, and give a change to people to reproduce with
severe diseases such as cancer where gametes can be affected by treatments
(Shapira et al., 2015). In lab mice, IVF and natural mating are the most important
steps in the generation and maintenance of genetically engineered animal
models. Thousands of mice sperm lines are cryopreserved every year, but at the
same time thousands of cryopreserved mouse lines are rescued by IVF (Baan et
al., 2016). Despite, all advances that researches have done in improving
freezing-thawing sperm for IVF, in many cases, IVF rates are reduced
dramatically, causing the possibility of an offspring to be unobtainable (Okabe,
2015).
1.4.3 Intracytoplasmic sperm injection
When IVF does not work, intracytoplasmic sperm injection (ICSI) is
suggested. ICSI is generally used when there is very low sperm motility, quantity
or no sperm present in the ejaculated sample (azoospermia) (Tournaye et al.,
2016). ICSI has become one of the most potent techniques to overcome male
infertility nowadays (Check et al., 2016), because instead of simply bringing
sperm and egg/oocyte together in vitro ICSI involves a mechanical introduction of
sperm into egg/oocyte cytoplasm (Hinrichs, 2012; Mantikou et al., 2013; Palermo
et al., 1992). Moreover, ICSI has shown that spermatids are fully competent to
give rise to a new offspring (Tesarik et al., 1998). Therefore, ICSI is bypassing all
the events that must happen prior and after fertilization. ICSI was developed with
lab rodents and also has been used for cattle and porcine experimentally, and
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horses commercially. Nevertheless, from basic to translational applications, the
main laboratory species using this procedure has been the human (Chung et al.,
2000; Hinrichs, 2013; Tesarik et al., 1998; Uehara and Yanagimachi, 1976).
Similar to IVF, ICSI does not work for all species. ICSI in Humans and horses is
the most used technique: for humans to overcome male infertility and for horses
to preserve the most valuable genes. Still, human ICSI has given the higher
number of offspring. ICSI has produced around 2 million offspring worldwide
compared to 500 offspring in horses (Hinrichs, 2012). In contrast, porcine and
bovine ICSI efficiency remains very low, compared with these other species and
needs to be improved. The main hypothesis behind why the ICSI has a low
efficiency is due to the lack of oocyte activation and male pronuclear formation
(Chung et al., 2000; Wei et al., 2016). Therefore, in order to improve oocyte
activation and pronuclear formation in these two species after ICSI, sperm have
been pre-treated with different physical and chemical sperm treatments methods
(Triton X-100, dithiothreitol or DTT, trehalose among others) to damage the
sperm membrane in order to make sperm factor and chromosomes more
available to the oocyte (Malcuit et al., 2006b; Wei et al., 2016; Xiao et al., 2013).
However, all these pretreatments did not improve the development of ICSI
derived bovine and porcine embryos (Malcuit et al., 2006b; Xiao et al., 2013;
Zambrano et al., 2016). In order to bypass this failure, researchers found that
porcine and bovine sperm by itself cannot activate the oocyte. They used
extracellular oocyte activators such as ethanol, cycloheximide and Ca2+
ionophores, to target the resumption of Ca2+ oscillations following ICSI (Wei et
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al., 2016; Zambrano et al., 2016). Recent studies have shown that artificial
activation and sperm pretreatment of bovine and porcine oocytes after
conventional ICSI improved fertilization and embryo production (Wei et al., 2016;
Zambrano et al., 2016). However, it is still unknown why the sperm itself cannot
activate the porcine and bovine oocyte following ICSI (Chung et al., 2000;
Garcia-Rosello et al., 2009; Kawase et al., 2004; Malcuit et al., 2006b).
1.4.4 Perspectives
Artificial insemination (AI) is efficient in bovine, porcine and horse species,
but very inefficient in humans and laboratory rodents (Seidel, 2015). In contrast,
in vitro fertilization is straightforward in laboratory rodents and humans, slightly
successful in cattle and most other ruminants, inefficient in pigs, and
unsuccessful in horses. In this sense, Intracytosplasmic sperm injection (ICSI)
instead is very efficient in humans, horses and rodents, compare to the
inefficiency in bovine and porcine species. If we look carefully, when sperm
encounters the egg/oocyte and fertilize it, not only provides the male haploid
chromosomal contribution but also introduces phospholipase Cζ which triggers
Ca+2 oscillations and embryo development and activates the egg/oocyte to
process the sperm (Swann and Lai, 2016). Successful egg/oocyte activation
promotes a successful embryo development when sperm is injected (Check et
al., 2016; Galli et al., 2014; Garcia-Rosello et al., 2009). In humans, laboratory
rodents and horses, egg activation happens spontaneously with ICSI. However,
in other species such as bovine and porcine, ICSI is not sufficient and requires
an extra step to be successful. The fact that ICSI works more consistently than
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conventional IVF in humans (Check et al., 2016; Luke et al., 2016), and is the
only reliable, repeatable method of in vitro fertilization in horses (Hinrichs, 2013),
suggest that conventional IVF is suboptimal. In the case of mouse IVF, adding
mouse sperm and oocytes together in vitro most of the times not more than 50%
result in fertilization of viable oocytes in C57BL6 mouse strain (Liu et al., 2009).
Even after the sperm has already fertilized the egg, normal embryonic
development is declined or does not occur (Baan et al., 2016; Ferre et al., 2016).
Before fertilization, sperm must be capacitated, and sperm acquires
capacitated state through a series of events that must occur during the journey in
the female tract. Sperm capacitation appears to be one of the major problems in
IVF, especially with bovine and horses. Bovine, mouse, human sperm
concentrations in IVF must have a minimum of 500,000 sperm/ml in order to get
reasonable fertilization rates (Ferre et al., 2016; Liu et al., 2009; Michelmann,
1995). Therefore, this equates of a minimum of 10000 or more sperm per
egg/oocyte to have successful fertilization. This demonstrates that the vast
majority of sperm are incapable of in vitro fertilization.
If we look up sperm capacitation in vivo is completely different, at least for
sperm reaching the egg/oocyte. Hino et al (Hino et al., 2016) have shown that the
sperm:oocyte ratio within oviductal ampulla during progression of fertilization in
naturally mated females were 2:1. These suggest that sperm is highly selected
during its journey in the female tract, and only the best can fertilize the egg.
Although, different studies have shown that sperm capacitation can be enhanced
in vitro in different species by sperm incubation with heparin in bovine (Parrish et
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al., 1989), Ca2+ ionophore A23187 in mouse (Tateno et al., 2013), procaine in
horses (McPartlin et al., 2009), and synthetic serum in humans (Shih et al.,
2016). These methods are non-physiological and still require the sperm
concentrations explained above.
In the next chapters we are going to focus on how Ca2+ and metabolism
can be potent modulators of sperm hyperactivation. In addition, we will focus on
how these two important components can overcome male infertility. In other
words, these studies will address how Ca2+ and metabolism play a role in the
molecular and physiological state of the sperm capacitation, fertilization and
embryo development in assisted reproductive techniques.
1.5 Hypotheses and specific aims
Sperm capacitation is initiated and maintained by a wide array of
molecular changes such as up-regulation of a cAMP-dependent pathway
(Harrison, 2004), changes in intracellular pH (Zeng et al., 1996), intracellular Ca2+
(Ruknudin and Silver, 1990), hyperpolarization of the sperm plasma membrane
potential (Em)(Escoffier et al., 2012), loss of cholesterol (Cross, 1996; Davis et
al., 1980) and an increase in tyrosine phosphorylation (Visconti et al., 1995) and
increase in ATP production and consumption (Hereng et al., 2011). All these
changes drive the sperm to hyperactive and prepare the sperm for the acrosome
reaction, which potentiate the ability to fertilize in a process known as
capacitation (Austin, 1959; Chang, 1951). However, it is not well understood how
all these changes interact to promote hyperactivation.
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In sperm Ca2+ plays essential role, pharmacological and genetic loss-of-function
experiments have shown a central role of this ion in the regulation of sperm
motility and the acrosome reaction. However, little is known about the
mechanisms involved in controlling [Ca2+]i as well as the identity of Ca2+ targets
inside the sperm. In mouse sperm, the development of hyperactivated motility is
dependent on cytosolic alkalization that then results in an increase in cytosolic
Ca2+. The elevation of Ca2+ is suggested to be primarily driven by the activation
of pH sensitive channels such as CatSper. Studies on CatSper knockout have
shown a strong phenotype in sperm, which leads to infertility (Ren and Xia,
2010). Unexpectedly, sperm from CatSper null models have up-regulated cAMPdependent pathways and, consequently increase levels of tyrosine
phosphorylation. Considering that Ca2+ was shown to be necessary for the
increase in tyrosine phosphorylation, this result was unexpected and led to the
hypothesis that Ca2+ have a bi-phasic role in mouse sperm capacitation.
In other instance, the metabolic substrates required to support capacitation have
been shown to vary between species (Storey, 2008). Mouse spermatozoa
demonstrate weak oxidative activity (Tourmente et al., 2015) and seem to rely
mainly on glycolytic ATP to perform hyperactive motility (Mukai and Okuno, 2004;
Takei et al., 2014)(Goodson et al., 2012) and tyrosine phosphorylation (Travis et
al., 2001). Presence of glucose and not pyruvate has shown to be required for an
efficient glycolytic ATP production and hyperactivated motility in mouse sperm
(Goodson et al., 2012; Takei et al., 2014). However, how the sperm regulates
ATP production and consumption during sperm capacitation is not well
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understood. Therefore, it is important to investigate how glucose metabolism is
important for sperm capacitation, fertilization, embryo development and offspring
rates.
1.5.1 Aim 1: To evaluate the crosstalk between Ca2+ and cAMP dependent
pathways
Our working hypothesis is that there is a crosstalk between cAMP
signaling pathways and Ca2+. First, we postulate that in addition to direct
stimulation of sAC and consequently of cAMP synthesis, Ca2+ also modulates
cAMP synthesis through other intracellular targets. This hypothesis is based on
preliminary results indicating that extracellular Ca2+ ([Ca2+]e) modulates
phosphorylation pathways in a biphasic mode. While phosphorylation is blocked
at low ([Ca2+]e), it is up-regulated when [Ca2+]e is further reduced with EGTA.
Consequently, the observation that tyrosine phosphorylation signaling is
increased in the presence of EGTA or in CatSper KO sperm might be explained
by the negative regulation of intracellular Ca2+ that leads the inhibition of Ca2+
dependent proteins. We hypothesize that EGTA, by blocking Ca2+ pathways,
released a negative control of those pathways leading to the increase in tyrosine
phosphorylation. We also hypothesize that negative feedback mechanism are
mediated by calmodulin (CaM) and by downstream Ca2+/CaM-dependent
proteins such as phosphodiesterase 1 (PDE1), calcineurin (PPP3) and CaMK II /
IV. To test this hypothesis, sperm capacitation assays were performed in a
medium free of Ca2+ and in the presence of EGTA. In addition, to test the
hypothesis that Ca2+ acts through Ca/CaM-interacting proteins which are blocked
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after addition of EGTA, instead of EGTA, sperm will be incubated in a free Ca2+
media in the presence of antagonists of CaM, calcineurin, PDE1 and CaMK II/IV.
As an endpoint to analyze the effects of these treatments, we analyzed the
increase in PKA activity (using anti phosphoPKA substrates by Western blots)
and the increase in tyrosine phosphorylation (with anti phosphotyrosine Western
blots).
1.5.2 Aim 2: To investigate whether Ca2+ Ionophore A23187 is capable to
bypass genetic problems that lead to infertility
Ca2+ Ionophore A23187 is capable to bypass the inhibition of PKA by H89
(Tateno et al., 2013), which in normal conditions inhibits fertilization. These data
indicate that mouse spermatozoa treated with A23187 are able to fertilize without
activation of the cAMP/PKA-signaling pathway. Therefore, our hypothesis is that
ionophore might be able to overcome infertility where the genetic problem is
upstream of PKA. To test this hypothesis we used different infertile K.O mice
models (CATSPER, SLO3 and SACY) with genetic problems upstream of
cAMP/PKA pathway. Hence, three specific assays were done: motility, in vitro
fertilization, and embryo development to test whether Ca2+ ionophore A23187 is
capable to overcome the infertility genetic problem.
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1.5.3 Aim 3: To evaluate the effect of different metabolic conditions in the
regulation of sperm hyperactivated motility, fertilization, embryo
development and offspring delivery in mouse models
Capacitation conditions increase the percentage of sperm undergoing
hyperactivation motility (Boatman and Robbins, 1991; Suarez et al., 1987;
Toyoda Y, 1971). Hyperactive sperm motility and protein phosphorylation are
energy-demanding events and an efficient generation of ATP is required to
support sperm motility as well as protein kinases and channels among other
processes. Beyond maternal factors, some studies have shown that sperm
parameters have relationships with the outcome for the embryo (Abraham et al.,
2016; Loutradi et al., 2006; Lu et al., 2012), and that fertilization rates
significantly decrease as semen quality decreases. Therefore, sperm quality can
affect the fertilization process (Abraham et al., 2016; Liu et al., 2009; Loutradi et
al., 2006; Lu et al., 2012; Nakagata et al., 2014; Ye et al., 2016). Goodson et al
have shown that glucose is the main metabolic substrate that drives
hyperactivated motility. However, she has not showed how these metabolic
substrates impact fertilization (Goodson et al., 2012). Our hypothesis is that
metabolic substrates (glucose and pyruvate) have an important impact in the
physiological performance of the sperm during capacitation, fertilization and
embryo development in vitro and in vivo.
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CHAPTER 2
STUDY OF THE BIPHASIC ROLE OF CALCIUM IN SPERM CAPACITATION
SIGNALING PATHWAYS
2.1 Introduction
Mammalian sperm acquire the ability to fertilize the egg in the female tract
in a process known as capacitation (Austin, 1959; Chang, 1951). Functionally,
capacitation is associated with changes in the sperm motility pattern (i.e.
hyperactivation) and with their ability to undergo the acrosome reaction (Visconti
et al., 2011; Yanagimachi, 1994a). At the molecular level, sperm capacitation
correlates with: 1) activation of a cAMP/PKA pathway (Harrison, 2004; Krapf et
al., 2010); 2) increase in intracellular pH (pHi) (Zeng et al., 1996); 3) increase in
intracellular Ca2+ concentrations ([Ca2+]i)(Ruknudin and Silver, 1990); 4)
hyperpolarization of the sperm plasma membrane potential (Em) (Escoffier et al.,
2012; Zeng et al., 1995); 5) loss of cholesterol (Cross, 1996; Davis et al., 1980)
and other lipid modifications (Gadella and Harrison, 2000); and 6) increase in
protein tyrosine phosphorylation (Krapf et al., 2010; Visconti et al., 1995a). How
these signaling pathways interact to induce hyperactivation and to prepare the
sperm for the acrosome reaction is not well understood.
In all cell types, Ca2+ plays essential roles as second messenger
controlling a battery of cellular processes. In sperm, pharmacological and genetic
loss-of-function experiments have shown a central role of this ion in the
regulation of sperm motility and the acrosome reaction. However, little is known
about the mechanisms involved in controlling [Ca2+]i as well as the identity of
Ca2+ targets inside the sperm. Two Ca2+ transport systems have been
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conclusively identified in sperm: 1) the Ca2+ channel complex CatSper,
composed by at least 7 subunits. Knock out (KO) of each of them results in
degradation of all the other subunits (Qi et al., 2007). Studies using these mice
revealed that CatSper is essential for hyperactivation and fertilization; 2) Ca2+
extrusion systems, composed by the Na+/Ca2+ Exchanger and the Plasma
Membrane Ca2+ ATPase (PMCA) protein families. Sperm from PMCA4b KO mice
are deficient in both progressive and hyperactivated motility resulting in sterility
(Okunade et al., 2004). Regarding Ca2+ targets, Ca2+-dependent enzymes may
be activated directly by Ca2+ or indirectly by Ca2+/Calmodulin (CaM) interaction.
Calmodulin (Wasco et al., 1989) and several Ca2+/Calmodulin targets, including
phosphodiesterase I (Baxendale and Fraser, 2005), calcineurin (Tash et al.,
1988) and Calmodulin Kinase II and IV (Ignotz and Suarez, 2005; Marin-Briggiler
et al., 2005; Wu and Means, 2000), have been shown to be present in
mammalian sperm. However, their roles in the regulation of sperm function have
not been established.
2.2 Results
2.2.1 Ca2+ involvement in capacitation-associated, tyrosine phosphorylation
response is biphasic
To further test the role of Ca2+ in the signaling pathways leading to tyrosine
phosphorylation, mouse sperm were incubated for 1 h in in Ө Ca2+ media or in
the presence of increasing concentrations of Ca2+ or EGTA. Confirming previous
results (Visconti et al., 1995a), the increase in tyrosine phosphorylation was
dependent on Ca2+ and did not occur in Ө Ca2+ media (Fig. 2.1 A, lanes 2-8 and
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Figure 2.1 Ca2+ involvement in capacitation-associated, tyrosine
phosphorylation response is biphasic. Cauda epididymal sperm were
recovered by swim-out in media without Ca2+ (nominal zero Ca2+, indicated by Ө
Ca2+), HCO3- or BSA as described in Methods. Aliquots of this sperm
suspension containing ~ 106 sperm were then diluted in media supplemented
with HCO3- and BSA (15 mM and 5 mg/ml, respectively) and in the presence of
either EGTA (1 mM), increasing Ca2+ concentrations (from Ө to 2.4 mM) (A and
B); or with increasing EGTA concentrations (from 0.01-1 mM) (C and D). After 1
h incubation, sperm were processed for the analysis of protein phosphorylation
with anti-PY antibodies. Images shown on the left are representative of
experiments repeated at least three times. For each experiment, Western blots
were scanned and analyzed using Image J. For comparison between blots, pixels
for each lane contained in the region marked by # (proteins in a 50-150 KDa
range) were quantified and normalized using the Ө Ca2+ lane as reference (B and
D correspond to Western blots in panels A and C, respectively). Bars represent
the average ± SEM of the normalized values (*p<0.05; **p<0.01; *** p<0.001).
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Fig. 2.1 B). To test lower Ca2+ concentrations, because Ө Ca2+ media still contain
~10-100 µM of contaminant Ca2+ (Marin-Briggiler et al., 2005), the incubation
medium was supplemented with 1 mM EGTA to further decrease [Ca2+]i. In these
conditions, protein-tyrosine phosphorylation was up regulated to levels
comparable to those obtained in the presence of standard [Ca2+]i (2.4 mM) (Fig.
2.1A, lane 1). Moreover, EGTA had a concentration-dependent effect on
phosphorylation events (Fig. 2.1 C and D). To compare experimental replicates,
the Western blots were quantified using Image J (Fig. 2.1 C and D).
2.2.2 Analysis of the EGTA-dependent increases in tyrosine
phosphorylation. A and B, Kinetics of EGTA-induced tyrosine
phosphorylation
Similar to the onset of tyrosine phosphorylation in standard Ca2+-containing
media (Visconti et al., 1995a), the EGTA-induced tyrosine phosphorylation in
mouse sperm was slow and required ~ 45 min. (Fig. 2.2 A and B). Also similar to
sperm incubation in the presence of Ca2+, the stimulatory effect of EGTA on
tyrosine phosphorylation required HCO3- (Fig. 2.2 C and D) and BSA (Fig. 2.2 E
and F) in the incubation media. Addition of EGTA reduced [Ca2+]i; however, how
EGTA affects intracellular Ca2+ is not known.
2.2.3 EGTA decreases intracellular calcium concentration ([Ca+2]i) in Ө Ca+2
media
It is predicted that EGTA addition decreases [Ca2+]i. To test this
hypothesis, sperm were loaded with Fluo-4 AM, and [Ca2+]i measurements were
conducted in single sperm before and after addition of EGTA (Fig. 2.3 A and B).
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Figure 2.2 Analysis of the EGTA-dependent increases in tyrosine
phosphorylation. A and B: Kinetics of EGTA-induced tyrosine
phosphorylation. Sperm were obtained in media devoid of Ca2+ (Ө), HCO3or BSA. Aliquots containing ~ 106 sperm were then diluted in media
containing HCO3-, BSA and EGTA (15 mM, 5 mg/ml and 0.3 mM,
respectively). At different time periods, reactions were stopped by sperm
centrifugation, washing with PBS and boiled in sample buffer. Protein
extracts were then analyzed by Western blot with an anti-PY antibody. C
and D: EGTA-induced phosphorylation requires HCO3-. Cauda epididymal
sperm were obtained as described in (A). Aliquots of this suspension
containing ~ 106 sperm were diluted in Ө Ca2+ media containing BSA (5
mg/ml), EGTA (0.3 mM) and increasing HCO3- concentrations (from 0 to 15
mM as indicated) (lanes 3 to 8). E and F: EGTA-induced phosphorylation
requires BSA. Sperm were obtained as in (A) and aliquots (~ 106 sperm)
diluted in Ө Ca2+ media containing HCO3- (15 mM), EGTA (0.3 mM) and
increasing BSA concentrations (from 0 to 5 mg/ml) (lanes 3 to 8). Both
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HCO3- and BSA concentration curves were analyzed after 1 h incubation by
Western blots with anti-PY antibodies. In B and C panels, lane 1 contains
extracts from sperm incubated for 1 h in Ө Ca2+ media devoid HCO3- and
BSA; lane 2 (Iuvone et al.) is a control containing extracts from sperm
incubated for 1 h in standard Whitten’s capacitation media containing Ca2+
(2.4 mM), HCO3- (15 mM) and BSA (5 mg/ml). All images are representative
of experiments repeated at least three times. For each experiment, Western
blots were scanned and analyzed using Image J. For comparison between
blots, pixels for each lane contained in the region marked by # were
quantified and normalized using the Ө Ca2+ lane as reference (B, D and F,
respectively). Bars represent the average ± SEM of the normalized values
(*p<0.05; **p<0.01; *** p<0.001).
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As shown, addition of EGTA decreased intracellular Ca2+ significantly.
Conversely, when EGTA was removed and replaced first with in Ө Ca2+ media,
Ca2+ remained by a 2 mM Ca2+ solution, sperm responded with an increase in
[Ca2+]i (Fig. 2.3 A, B and C).
2.2.4 Effect of Calmodulin and Calmodulin targets inhibitors on the
increase in tyrosine phosphorylation incubated in Ө Ca2+ media
Considering that cAMP is necessary for the increase in tyrosine phosphorylation
(Visconti et al., 1995b), the Ca2+ stimulatory effect can be explained considering
that this ion stimulates Adcy10 and promotes cAMP synthesis (Jaiswal and Conti,
2003; Kleinboelting et al., 2014; Litvin et al., 2003; Steegborn et al., 2005). On
the other hand, it is not clear why lowering [Ca2+]i with EGTA activates tyrosine
phosphorylation. One possibility is that other Ca2+-dependent enzymes
negatively regulate tyrosine phosphorylation. In this case, addition of EGTA
would block the activation of those enzymes and result in an increase in protein
tyrosine phosphorylation as observed in Fig. 1 and 2. Ca2+-dependent enzymes
involved in these negative feedback mechanisms could be activated directly by
Ca2+ or indirectly by Ca2+/Calmodulin (CaM) interaction. To evaluate the possible
role of CaM on tyrosine phosphorylation, instead of adding EGTA, sperm
incubated in Ө Ca2+ medium were treated with increasing concentrations of either
W7 (Fig. 2.4 A) or calmidazolium (Fig. 2.4 B), two well-characterized CaM
inhibitors. As observed in this figure, both compounds mimicked the presence of
EGTA, stimulating an increase in tyrosine phosphorylation (Fig. 2.4 A and B).
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The aforementioned experiments suggest that CaM pathways play a role
in the regulation of PKA activity. CaM has several possible targets in sperm,
many of them unknown. However, three of the CaM targets that have been
described in mature sperm are phosphodiesterase 1 (PDE 1) (Baxendale and
Fraser, 2005), Calmodulin Kinase II and IV (CaMK II and IV) (Ignotz and Suarez,
2005; Marin-Briggiler et al., 2005; Wu and Means, 2000) and Ca2+/CaMdependent phosphatase PPP3C (aka calcineurin) (Tash et al., 1988). To test
whether these enzymes mediated the CaM effect on sperm phosphorylation
pathways, sperm were incubated in Ө Ca2+ media with different concentration of
inhibitors for each of these enzymes. Considering that PDE is the enzyme
responsible for cAMP hydrolysis, it was not surprising that IBMX, a broad
spectrum PDE inhibitor, stimulated tyrosine phosphorylation (Fig. 2.4 C). On the
other hand, CaMK II and IV inhibitors KN62 and KN93 did not increase tyrosine
phosphorylation (Fig. 4 D and E). To test the role of calcineurin, the specific
calcineurin inhibitor cyclosporin A (CSA) was used. In Ө Ca2+, increasing CSA
concentrations stimulated tyrosine phosphorylation (Fig. 2.4 F). All blots in Fig. 4
were quantified using Image J (see Fig. S1) as described above in the Methods
section.
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Figure 2.3 EGTA decreases intracellular calcium concentration ([Ca2+]i) in
Ө Ca2+ media. A: Pseudocolored fluorescence images illustrate different [Ca2+]i
levels in a Fluo4-loaded spermatozoa when exposed to different extracellular
Ca2+concentrations: Ө Ca2+ media, Ө Ca2+ media containing EGTA (1 mM), 2
mM Ca2+ and during Ionomycin application. B: Average fluorescence trace of
several sperm corresponding to [Ca2+]i changes exposed to different extracellular
[Ca2+]. Ionomycin was added at the end of each recording as control of
maximum fluorescence. C: Percentage of sperm incubated in Ө Ca2+ media that
manifest a [Ca2+]i decrease after incubation in Ө Ca2+ media containing EGTA.
The percentage of sperm that display this decrease is statistically significant. D:
Percentage of fluorescence changes corresponding to [Ca2+]i of sperm exposed
to different extracellular [Ca2+]. For quantification, fluorescence was normalized
to the maximum fluorescence induced by ionomycin. The [Ca2+]I decrease
promoted by EGTA in Ө Ca2+ media is statistically significant. Bars represent the
average ± SEM of the normalized values (*p<0.05) of measurements performed
on the sperm head.
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2.2.5 Cyclophylin A and Calcineurin are present in mouse sperm. Effect of
calmodulin and calmodulin-target inhibitors on sperm hyperactivation and
PKA phosphorylation
It is known that calcineurin inhibition by CSA is mediated by binding to
cyclophylin (Liu et al., 1991). Consistent with the effect of CSA on sperm
phosphorylation, anti-cyclophilin antibodies recognized a single band in mature
mouse sperm (Fig. 5 A). In addition, Western blot analysis using anti-calcineurin
A antibodies also confirmed the presence of this enzyme in sperm (Fig. 5 B).
Compared to sperm incubated under control conditions in complete capacitation
medium (containing 2.4 mM Ca2+), neither the viability nor the percentage of
motile cells was affected when sperm were incubated in Ө Ca2+ or in the
presence of EGTA, IBMX, W7, calmidazolium-CZ or CSA (data not shown). It is
well-established that, in addition to hyperactivation, Ca2+ is needed for a
physiological acrosome reaction, for hyperactivation and for fertilization
(Yanagimachi, 1994a). Therefore, although in all these conditions tyrosine
phosphorylation was stimulated in Ө Ca2+ medium, it was not surprising that
none of these compounds were able to enhance sperm hyperactivation over
control samples incubated in Ө Ca2+ medium (Fig. 5 C). Also it was not
surprising that in the continuous presence of EGTA, in vitro fertilization failed
(Fig. 5 D). However, when EGTA was washed out by centrifugation after sperm
had been incubated for 1 h and then suspended in Whitten’s media containing
Ca2+, fertilization rate was recovered (Fig. 5 D). These data indicate that once
EGTA is removed, sperm can recover their functionality.
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Figure 2.4 Effect of Calmodulin and Calmodulin targets inhibitors on the
increase in tyrosine phosphorylation incubated in Ө Ca2+ media. Cauda
epididymal sperm were recovered by swim-out in media without Ca2+ (Ө), HCO3or BSA. Aliquots of this sperm suspension containing ~ 106 sperm were then
incubated for 1 h in Ө Ca2+ media containing HCO3- and BSA (15 mM and 5
mg/ml, respectively) and in the absence or in the presence of either EGTA (0.3
mM) (negative and positive controls, respectively) or in the presence of
increasing concentrations of W7 (1-100 µM) (A), calmidazolium (CZ) (0.5-2.5 µM)
(B), IBMX (1-200 µM) (C), KN-62 (0.5 to 8 µM) (D), KN-93 (0.1 to 10 µM) (E), and
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CSA (0.5 to 3 µM) (F). Sperm extracts were analyzed by gel electrophoresis,
transferred to PVDF membranes and Western blot using anti-PY antibodies were
conducted. Data shown are representative of experiments repeated at least three
times. For each experiment, Western blots were scanned and analyzed using
Image J. For comparison between blots, pixels for each lane contained in the
region marked by # were quantified and normalized using the Ө Ca2+ lane as
reference. Results of this quantification analysis are shown in Supplemental
Figure 1).
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Because of the established role of HCO3- in cAMP synthesis by Adcy10
regulation, the HCO3--dependence of the EGTA-induced tyrosine
phosphorylation suggested that PKA is involved in the process. To further test
this possibility, we analyzed how Ca2+ and calmodulin affected PKA activation.
The PKA pathway was monitored by Western blotting using anti-phospho PKA
substrate antibodies as described (Krapf et al., 2010) (Fig. 5 E). Although in Ө
Ca2+ medium the level of phosphorylation was low, addition of EGTA, W7,
calmidazolium or CSA increased phosphorylation of PKA substrates and tyrosine
residues to levels similar to those obtained in the presence of Ca2+. Also
consistent with a role of PKA mediating the EGTA effect, addition of H-89, a PKA
inhibitor, blocked both types of phosphorylation (Fig. 5 F).
2.2.6 Sperm from CatSper KO mice undergo an increase in tyrosine
phosphorylation in Ө Ca2+ media
Altogether, these data suggest that Ca2+ plays a biphasic role in the
regulation of sperm phosphorylation pathways. These results, however, are
silent regarding the molecule(s) involved in Ca2+ transport early in the signaling
cascade. One possible candidate for this early influx is the sperm-specific Ca2+
channel complex CatSper (Ren et al., 2001). However, sperm from CatSper KO
mice are able to undergo the increase in tyrosine phosphorylation (Carlson et al.,
2005; Wennemuth et al., 2003b) suggesting that CatSper is not involved in the
regulation of tyrosine phosphorylation. On the other hand, in the present work we
show that EGTA can induce PKA activation and tyrosine phosphorylation in Ө
Ca2+ medium. Moreover, it has been recently shown (Chung et al., 2014) that
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Figure 2.5 A and B: Cyclophylin A and Calcineurin are present in mouse
sperm. Cauda epididymal sperm were obtained by swim-out as described.
Protein extracts prepared from 106 sperm were analyzed by Western blot using
anti-cyclophylin A (A), or anti-calcineurin A (B). As positive controls, protein
extracts (10 µg) of either thymus or brain were included. All Western blots are
representative of experiments repeated at least three times. C: Effect of
calmodulin and calmodulin-target inhibitors on sperm hyperactivation. Mouse
sperm were incubated in Ө Ca2+ media containing HCO3- (15 mM) and BSA (5
mg/ml) and in the absence or in the presence of EGTA (1 mM), IBMX (100 μM),
W7 (100 μM), calmidazolium (CZ) (2.5 μM), or CSA (3 μM). Sperm incubated in
medium containing Ca2+ (2.4 mM) (Iuvone et al.) (represented as Cap in the
figure) was included as positive control. After 60 min of sperm incubation, sperm
motility data was analyzed as described in Methods. The percentage of
hyperactive sperm (%) was assessed using parameters described for mouse
sperm by the CASAnova software algorithm.Data represents mean ± S.E. of four
independent experiments (** p<0.01). D: Sperm do not fertilize in the presence of
EGTA but recover fertilizing capacity when the EGTA is washed out. As controls,
aliquots of 106 sperm were incubated for 1 h in Whitten’s media containing 2.4
mM Ca2+ in the absence (NCap) or in the presence of 15 mM HCO3- and 5 mg/ml
of BSA. After 1 h of incubation in the respective media, IVF was carried out in
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standard Whitten’s media as described in Methods. To test the effect of EGTA,
parallel sperm aliquots were incubated in Ө Ca2+ media containing 15 mM HCO3and 5 mg/ml BSA in the presence of 1 mM EGTA (EGTA or EGTA washed). After
1 h, one of the aliquots was tested for IVF conducted in Ө Ca2+ media with 1 mM
EGTA (EGTA). The other aliquot (EGTA washed), also incubated for 1 hour in
the presence of 1 mM EGTA, was centrifuged and resuspended in standard
Whitten’s media containing 2.4 mM Ca2+. IVF was then conducted in Ca2+
containing media. E and F: EGTA and Calmodulin antagonists induce
phosphorylation of PKA substrates. Mouse sperm were incubated in Ө Ca2+
media containing HCO3- (15 mM) and BSA (5 mg/ml) and in the absence or in the
presence of EGTA (1 mM), IBMX (100 μM), W7 (100 μM), calmidazolium (CZ)
(2.5 μM), or CSA (3 μM). After 1 h incubation, sperm protein extracts were
prepared and analyzed by Western blotting using anti-phospho PKA substrates
antibodies (Fig. 5 E). Data shown are representative of experiments repeated at
least three times. F: For each experiment, Western blots were scanned and
analyzed using Image J. For comparison between blots, pixels for each lane
contained in the region marked by # were quantified and normalized using the Ө
Ca2+ lane as reference (Fig. 5 F). Bars represent the average ± SEM of the
normalized values (*p<0.05; **p<0.01; *** p<0.001).
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tyrosine phosphorylation is enhanced in CatSper KO sperm. Taken together,
these data suggested to us an alternative hypothesis to explain the increase in
tyrosine phosphorylation observed in CatSper null sperm, as follows: in the
absence of CatSper, Ca2+ cannot enter the sperm; therefore, KO sperm is
expected to behave similarly to wild type mouse sperm incubated in Ө Ca2+
medium with EGTA. To test this possibility, CatSper null sperm were incubated
in Ө Ca2+ medium with increasing Ca2+ concentrations or EGTA and assayed for
phosphorylation of PKA substrates and for tyrosine phosphorylation. Contrary to
the response seen in wild type control sperm incubated in Ө Ca2+ medium (Fig. 6
A, left panel), CatSper KO sperm in the same conditions underwent tyrosine
phosphorylation (Fig. 6 A, right panel). To compare different repeats, the
Western blots were quantified using Image J and normalized against the
respective EGTA lane (Fig. 6 B). In addition, similar to their behavior in standard
Ca2+ containing media (Chung et al., 2014), we found that in Ө Ca2+ medium, the
increase in tyrosine phosphorylation, absent in wild type sperm (Fig. 6 C, left
panel) started around 15 min after addition of HCO3- (Fig. 6 C, right panel).
Finally, it is worth noticing that either in the absence of HCO3-, in the presence of
the PKA inhibitor H-89 or in the presence of the Adcy10 inhibitor KH7, the
increase in tyrosine phosphorylation did not occur (Fig. 6 D) indicating that in
CatSper null sperm, the increase in tyrosine phosphorylation is also mediated by
a PKA-dependent pathway.

47

Figure 2.6 Sperm from CatSper KO mice undergo an increase in tyrosine
phosphorylation in Ө Ca2+ media. A and B: Calcium concentrationdependent response. Cauda epididymal sperm from wild type (left panel) or
from CatSper 1 KO mice (right panel) were separately obtained by swim-out in
media without Ca2+ (Ө), HCO3- or BSA. Aliquots of each sperm suspension
containing ~ 106 sperm were then diluted in media containing HCO3- and BSA
(15 mM and 5 mg/ml, respectively) and in the presence of either EGTA (0.3 mM)
(as a positive control) or increasing Ca2+ concentrations (Ө-2.4 mM). After 1 h
incubation, sperm were centrifuged, washed once with PBS by centrifugation and
processed for the analysis of tyrosine phosphorylation by Western blotting.
Images shown are representative of experiments repeated at least three times. In
Panel B Western blots for each experiment, were scanned and analyzed using
Image J. For comparison between blots, pixels for each lane contained in the
region marked by # were quantified and normalized using the respective EGTA
lane as reference (represented by bars and arbitrarily given a value of 1). Values
in the graph represent the average ± SEM of the normalized values (*p<0.05;
**p<0.01; *** p<0.001). C: Tyrosine phosphorylation kinetics in Ө Ca2+. Sperm
from wild type and CatSper 1 KO mice were obtained in media devoid of Ca2+
(Ө), HCO3- or BSA. Aliquots of this suspension were diluted in media containing
HCO3- and BSA (15 mM and 5 mg/ml, respectively). After different time periods,
sperm samples were centrifuged, washed with PBS and boiled in sample buffer.
After boiling, the protein extracts were analyzed by Western blot with an anti-PY
antibody. Images are representative of experiments conducted three times with
similar results. D: The increase in tyrosine phosphorylation observed in sperm
from Catsper KO mice is downstream a cAMP-dependent pathway. Cauda
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epididymal sperm were recovered from Catsper KO mice by swim-out in media
without Ca2+ (Ө), HCO3- or BSA. Aliquots of this sperm suspension containing ~
106 sperm were then incubated for 1 h in Ө Ca2+ media containing HCO3- and
BSA (15 mM and 5 mg/ml, respectively) and in the absence or in the presence of
either H-89 (30 µM) or KH7 (75 µM). Protein extracts were analyzed by Western
blot with an anti-PY antibody. Images are representative of experiments
conducted three times with similar results.
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Discussion
Different knock-out (KO) mice models have revealed that cAMP (i.e. KOs
for the atypical soluble adenylyl cyclase (Adcy10) and for the sperm specific
splicing variant of the PKA catalytic subunit Cα2) (Hess et al., 2005; Morgan et
al., 2008; Nolan et al., 2004; Xie et al., 2006), pHi (Na+/H+ exchanger KO) (Wang
et al., 2003), sperm membrane hyperpolarization (the sperm specific K+ channel
SLO3 KO) (Santi et al., 2010), and Ca2+ dependent signaling pathways (CatSper
KOs) (Qi et al., 2007; Quill et al., 2001; Ren et al., 2001) are essential for
capacitation. All these mice are infertile in vivo and in vitro without presenting
observable defects either in spermatogenesis or in epididymal maturation. These
loss-of-function genetic experiments have confirmed previous pharmacological
approaches and conclusively demonstrated that all these pathways are required
for fertilization. However, the hierarchical interaction between cAMP, pHi, [Ca2+]i
and changes in the membrane potential are not well understood.
A very early event in sperm capacitation is the activation of a cAMP
pathway (Visconti, 2009). The activation of cAMP synthesis occurs immediately
after sperm are released from the epididymis and get into contact with high
HCO3- and Ca2+ present in the seminal fluid (Carlson et al., 2005; Wennemuth et
al., 2003b). Plasma membrane transport of these ions regulates sperm cAMP
metabolism through stimulation of Adcy10 (Hess et al., 2005; Xie et al., 2006).
Adcy10 activation elevates intracellular cAMP and stimulates PKA, which then
phosphorylates target proteins and initiate several signaling pathways including
the increase in protein tyrosine phosphorylation (Visconti et al., 1995a). In sperm
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exposed to HCO3-, cAMP rises to a maximum within 60 sec, followed closely by
PKA activation (Morgan et al., 2008). We have shown that in mouse sperm the
increase in tyrosine phosphorylation is dependent on [Ca2+]i (Visconti et al.,
1995a). Those published experiments were conducted using media prepared
without the addition of Ca2+ salts (Ө Ca2+). However, it is known that Ө Ca2+
media still contains contaminating Ca2+ (Marin-Briggiler et al., 2005). In the
present work we evaluated the effect of further decreasing Ca2+ in the sperm
incubation medium by using EGTA. This chelating agent induced an increase in
PKA activity and in tyrosine phosphorylation when HCO3- and BSA were present
in the media. The EGTA-dependent increase followed a similar kinetics to the
one depicted in standard Ca2+ containing media. Considering the role of HCO3in Adcy10 activation, these data suggest that the EGTA effect was mediated by
PKA. Consistently, the PKA inhibitor H-89 blocked the EGTA induced
phosphorylation of PKA substrates.
Altogether, these results suggest that Ca2+ has both positive and negative
roles in the regulation of tyrosine phosphorylation and capacitation associated
pathways. It is known that Ca2+ modulates many different enzymes either directly
or indirectly through interaction with calmodulin. Regarding the cAMP pathway,
Ca2+ positively regulates Adcy10 (Jaiswal and Conti, 2003; Litvin et al., 2003)
what would explain the higher phosphorylation of PKA substrates and tyrosine
residues as a consequence of increasing Ca2+ concentration. On the other hand,
negative regulation of cAMP-dependent pathways can be explained by the
activation of Ca2+/CaM-dependent enzymes such as the phosphodiesterase
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PDE1 or the ser/thr phosphatase calcineurin. Consistent with this hypothesis,
two CaM antagonists (W7 and calmidazolium) increased tyrosine
phosphorylation in sperm incubated in Ө Ca2+ medium to similar levels to the
ones obtained by Ca2+ chelation with EGTA. Furthermore, the PDE inhibitor
IBMX, and cyclosporine A (CSA), which associates to cyclophylin and
specifically blocks calcineurin activity, were also able to induce an increase in
phosphorylation pathways in Ө Ca2+ conditions. On the contrary, addition of
KN93, which blocks calmodulin-dependent kinases present in sperm (CaMKII
and CaMKIV) (Ignotz and Suarez, 2005; Marin-Briggiler et al., 2005), had no
effect.
Interestingly, it has been reported that contrary to mouse sperm, human
(Battistone et al., 2014; Carrera et al., 1996), and horse (Gonzalez-Fernandez et
al., 2013) sperm incubated in Ө Ca2+ media undergo tyrosine phosphorylation.
Although these results suggest species-specific differences, in view of the effect
of EGTA in mouse sperm, the differences observed are likely to be due to
differences in the effective Ca2+ concentration needed for negative and positive
feedback regulation of tyrosine phosphorylation more than to differences in the
identity of Ca2+-dependent molecules mediating this signaling pathway. This idea
is reinforced by experiments showing that addition of W7 significantly upregulated protein tyrosine phosphorylation in stallion sperm (GonzalezFernandez et al., 2013).
The combination of positive and negative feedback loops involving Ca2+
highlights the relevance of this ion in sperm physiology. However, the molecular
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mechanisms that control [Ca2+]i in sperm are not well established. The bestcharacterized Ca2+ channel in these cells is CatSper, a complex of at least 7
subunits (CatSper 1, 2, 3, 4, β, ɣ, and δ) localized to the plasma membrane
surrounding the sperm principal piece. Null mice for any of these subunits result
in lack of CatSper functionality giving rise to a sterile phenotype (Qi et al., 2007;
Ren et al., 2001; Ren and Xia, 2010). Sperm from these mice are unable to
undergo hyperactivation and are also infertile in vitro. Interestingly, the
capacitation-associated increase in tyrosine phosphorylation is not affected in
CatSper KO sperm (Carlson et al., 2003). A first approximation to these results
suggests that CatSper is not responsible for the increase in tyrosine
phosphorylation. However, this straightforward interpretation is challenged by
our new data indicating that the Ca2+ effect on the activation of the tyrosine
phosphorylation pathway is biphasic. Results using CatSper KO sperm could
also be explained considering that even in the presence of high [Ca2+]i, CatSper
null sperm behave similarly to wild type sperm when incubated in Ө Ca2+ media
with EGTA. If this hypothesis is correct, sperm from CatSper null mice should
undergo tyrosine phosphorylation in Ө Ca2+ media. On the other hand, if CatSper
is not involved in the initial Ca2+ response, the Ca2+ biphasic response would still
be observed and CatSper KO sperm would not undergo phosphorylation
pathways in Ө Ca2+ media. In the present manuscript, we show that contrary to
wild type sperm, CatSper KO sperm undergo PKA activation and tyrosine
phosphorylation in Ө Ca2+. These results indicate that CatSper KO sperm
response is similar to the one obtained when wild type sperm are incubated with
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EGTA and strongly suggest that CatSper mediates the Ca2+ transport involved in
the regulation of tyrosine phosphorylation. Using super resolution microscopy,
recent work has revealed that CatSper acts as a signaling dock establishing four
linear rows throughout the flagellum (Chung et al., 2014). The authors show that
in sperm from CatSper KO mice, the increase in tyrosine phosphorylation is
significantly up regulated. These results are consistent with our findings that
contrary to wild type sperm, in CatSper KO sperm, cAMP-dependent pathways
are activated in the absence of added external Ca2+. Interestingly, these authors
also showed that calcineurin and Adcy10 are both found in the linear signaling
array.
The crosstalk between Ca2+, CaM and cAMP pathways is summarized in a
working model (Fig. 2.7). This Figure depicts only the pathways explored as part
of this manuscript and it is not an exhaustive analysis of possible Ca2+ or
Ca2+/CaM targets. Briefly, Adcy10 activity is positively regulated by Ca2+ and
HCO3- (Litvin et al., 2003) (Jaiswal and Conti, 2003) resulting in cAMP synthesis
and activation of PKA, both of them present in the sperm flagellum (Hess et al.,
2005; Wertheimer et al., 2013b). Ca2+ also activates CaM, which mediates the
stimulation of PDE and calcineurin. While PDE catalyzes cAMP degradation to
5’AMP, and therefore has only a negative role in cAMP-dependent pathways,
calcineurin is involved in de-phosphorylation of ser/thr residues including those
present in PKA substrates. As part of the present work, our results indicate that
in sperm from CatSper 1 KO mice, both PKA activity and the pathway leading to
tyrosine phosphorylation are up- regulated in Ө Ca2+. These data suggest that in
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addition to having an essential role in later capacitation processes such as the
regulation of sperm hyperactivated motility, CatSper is also involved in the initial
crosstalk between Ca2+ and cAMP-dependent signaling.
Finally, as mentioned above, abrogation of enzymes involved in the cAMP
pathway clearly demonstrate that cAMP synthesis and PKA are absolutely
required for the sperm to undergo capacitation and to fertilize. However, it is
worth clarifying that although necessary, the increase in cAMP levels and the
consequent increase in tyrosine phosphorylation are not sufficient to induce
sperm fertilizing capacity. Similar results can be observed when PKA is activated
with cAMP permeable agonists in the absence of Ca2+. In these conditions, PKA
and tyrosine phosphorylation are up regulated but the sperm does not achieve
fertilizing capacity (data not shown). In addition, we should emphasize that
motility hyperactivation, the acrosome reaction and the ability to achieve
fertilization do not occur in Ca2+-free media. Consistent with a role of Ca2+ for
these events, we have recently shown that a short exposure to the Ca2+
ionophore A23187 is sufficient to induce hyperactivation, acrosome reaction and
fertilizing ability in mouse sperm even when the cAMP pathway is completely
inhibited (Tateno et al., 2013). Altogether, these results suggest that, in addition
to phosphorylation changes, the acquisition of fertilizing capacity requires
processes downstream PKA activation, thus demanding a more robust increase
in intracellular Ca2+ through CatSper or other Ca2+ channels and/or intracellular
Ca2+ stores.
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Figure 2.7 Proposed model for the crosstalk between Ca2+ and cAMPdependent signaling pathways conducive to mouse sperm capacitation.
See Discussion section for explanation of this Figure.
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CHAPTER 3
TRANSIENT EXPOSURE TO CALCIUM IONOPHORE ENABLES IN VITRO
FERTILIZATION IN STERILE MOUSE MODELS
3.1 Introduction
In 1978, Steptoe and Edwards reported the birth of Louise Joy Brown, the first
successful “Test-Tube” baby(Steptoe and Edwards, 1978). A major step toward
this achievement occurred in the early 1950’s, when Chang(Chang, 1951) and
Austin(Austin, 1951) demonstrated independently that sperm have to be in the
female reproductive tract for a period of time before acquiring fertilizing capacity,
a phenomenon now known as sperm capacitation. Capacitation includes all postejaculation biochemical and physiological changes that render mammalian sperm
able to fertilize(Visconti et al., 2011). As part of capacitation, sperm acquire the
ability to undergo acrosomal exocytosis(Visconti et al., 2011; Yanagimachi,
1994b) and undergo changes in their motility pattern (i.e., hyperactivation).
Molecularly, capacitation is associated with; 1) activation of a cAMP/protein
kinase A pathway(Visconti et al., 1995b); 2) loss of cholesterol(Visconti et al.,
1999) and other lipid modifications(Gadella and Harrison, 2000); 3) increase in
intracellular pH (pHi)(Zeng et al., 1996); 4) hyperpolarization of the sperm plasma
membrane potential(de La Vega-Beltran et al., 2012b; Escoffier et al., 2012;
Zeng et al., 1995); 5) increase in intracellular Ca2+ concentration [Ca2+]i(Ruknudin
and Silver, 1990); and 6) increase in protein tyrosine phosphorylation(Krapf et al.,
2010; Visconti et al., 1995a). These pathways were first identified as playing a
role in capacitation using compounds that either stimulate or block the respective
signaling processes. More recently, the essential roles of cAMP, Ca2+ and
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plasma membrane hyperpolarization were confirmed using knock-out (KO)
genetic approaches.
The role of cAMP in capacitation and fertilization was originally asserted using
reagents such as cAMP agonists (dibutyryl cAMP, 8-BrcAMP) and antagonists of
PKA-dependent pathways (e.g. H89, PKI, rpScAMP), as well as other conditions
in which soluble adenylyl cyclase Adcy10 (aka sAC)(Esposito et al., 2004;
Steegborn et al., 2005), the major source of cAMP in sperm, cannot be activated
(e.g. HCO3--free incubation media; addition of KH7, a specific sAC inhibitor)(Hess
et al., 2005). These roles of cAMP were confirmed using KO genetic mouse
models lacking either the PKA sperm-specific catalytic splicing variant Cα2(Nolan
et al., 2004), or sAC(Hess et al., 2005); these mice are sterile and their sperm
cannot fertilize in vitro. Our group has recently demonstrated that hyperpolarizing
changes in membrane potential are necessary and sufficient to prepare the
sperm for a physiological acrosome reaction(De La Vega-Beltran et al., 2012a).
Accordingly, sperm missing the sperm-specific K+ channel SLO3 cannot
hyperpolarize and are infertile(Santi et al., 2010). Finally, Ca2+ was shown to be
essential for hyperactivation and the acrosome reaction both by removing it using
Ca2+-free incubation media, either with or without chelating agents (i.e., EGTA)
(Navarrete et al., 2015), or by elevating it using Ca2+ ionophores such as A23187
(Tateno et al., 2013). Consistent with these findings, male mice with the spermspecific Ca2+ channel complex CatSper gene knocked out are infertile, and their
sperm are unable to undergo hyperactivation (Ren et al., 2001).
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Recently, we found that addition of Ca2+ ionophore A23187 produced a fast
increase in intracellular Ca2+ that was accompanied by complete loss of sperm
motility (Tateno et al., 2013). However, if A23187 is removed after 10 min,
intracellular Ca2+ levels dropped and sperm gained hyperactive motility (Tateno
et al., 2013). In addition to inducing hyperactive motility, this short treatment with
Ca2+ ionophore A23187 enhanced the sperm fertilizing capacity. Interestingly, the
Ca2+ ionophore pulse supported capacitation in sperm incubated under noncapacitating conditions, and it induced hyperactivation and the capacity to
fertilize in vitro even under conditions where cAMP-dependent pathways were
blocked (Tateno et al., 2013). These results suggested that A23187 could
overcome defects in the signaling pathways upstream of the increase in
intracellular Ca2+ required for capacitation. Here, we tested this hypothesis using
infertile genetic KO mouse models. Consistent with our hypothesis, a short A23187
pulse overcomes the infertile phenotypes of CatSper (Ren et al., 2001), sAC
(Hess et al., 2005) and SLO3 KO sperm (Santi et al., 2010). Furthermore, our
previous results suggested that after A23187 washout, sperm are required to
reduce the intracellular Ca2+ concentrations to gain hyperactivation and fertilizing
capacity (Tateno et al., 2013). Consistent with this hypothesis, sperm lacking the
Ca2+ efflux pump PMCA4, which mediates Ca2+ extrusion (Okunade et al., 2004),
were not rescued by treatment with ionophore, suggesting that this ATPase is
required downstream to remove excess intracellular Ca2+.

59

3.2 Results
3.2.1 A23187 improves hyperactivation and fertilizing capacity of sperm from
C57BL/6J mice
Sperm physiology and their ability to fertilize in vitro is highly dependent
upon genetic background (Liu et al., 2009). Over the years, C57BL/6J has been
a common genetic background for studying KO genetic mouse models.
Unfortunately, relative to sperm from mice of other genetic backgrounds,
specifically CD1 (ICR) mice, sperm from C57BL/6J exhibit significantly lower
hyperactivation rates when capacitated (Goodson et al., 2011) (Fig. 3.1 A
,Supplementary Table I) and are less efficient for in vitro fertilization (Liu et al.,
2009) (Fig. 3.1 B). When we compared the effect of a short pulse of Ca2+
ionophore on sperm from CD1 (ICR) with sperm from C57BL/6J mice, A23187
treatment elevated the percentage of hyperactive C57BL/6J sperm to similar
levels as those obtained using CD1 (ICR) sperm (Fig. 1 A). Moreover, this
increase was followed by a significant increase in C57BL/6J sperm fertilization
rate (Fig. 3.1 B). Importantly, treating C57BL/6J sperm with a pulse of A23187
increased the percentage of 2-cell embryos competent to develop into
blastocysts (Fig. 3.1 C and D). Capacitation requires PKA activation(Nolan et al.,
2004) and, as expected, in the presence of the PKA inhibitor H89, C57BL/6J
sperm were unable to fertilize in vitro (Fig. 3.1 E) and did not show the
prototypical increase in phosphorylation of PKA substrates (Fig. 3.1 F).
Remarkably, as seen previously with CD1 (ICR) sperm (Tateno et al., 2013),
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Fig. 3.1 A23187 improves hyperactivation and fertilizing capacity of sperm
from C57BL/6J genetic background. Sperm from CD1 (ICR) or C57BL/6J mice
were treated with or without 20 µM A23187 for 10 min as described in Methods.
After capacitation, sperm parameters were measured. In each of the panels,
bars represent average ± SEM (*p<0.05; p<0.01**, p<0.001***) from independent
experiments as indicated below. (A) Hyperactivation. The percentage of
hyperactive motile sperm was obtained using CASAnova software (n = 4). (B)
IVF. Fertilization rate was calculated considering the percentage of inseminated
eggs achieving two-cell stage (n = 7). (C) Percentage of blastocyst formation.
After 24 hours incubation, 2-cell embryos were transferred to KSOM media and
incubated for additional 2.5 days to reach blastocyst stage. Notice that the
percentage of blastocysts formation presented in the figure was obtained
considering only the total 2-cell embryos and not the original number of oocytes.
(D) Example of blastocysts formed using C57BL/6J sperm without (left panel) or
with A23187 pre-treatment (right panel). (E) IVF conducted in the presence of H89
inhibitor. Sperm treated or not with A23187 for 10 min were incubated in the
absence or in the presence of 50 μM H89. Fertilization rate was calculated as in
B. (F) A23187 treatment overcomes the need for PKA activation in spermatozoa.
Sperm treated or not with A23187 as described above were incubated in the
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absence or in the presence of 50 μM H89. Western blots were conducted as
described in Methods (n=3).
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incubating H89-treated C57BL/6J sperm for 10 min with A23187 was sufficient to
induce fertilizing capacity (Fig. 3.1 E), despite the fact that PKA remained inactive
(Fig 3.1 F). Altogether, these data indicate that transient exposure to A23187 can
improve IVF success for mouse strains with reduced fertility, in a PKA
independent manner.
3.2.2 A23187 treatment rescues hyperactivation and fertilizing capacity of
CatSper1 KO sperm
In the absence of the CatSper channel complex, sperm fail to undergo
hyperactivated motility and are unable to fertilize (Ren et al., 2001). To test
whether Ca2+ ionophore treatment can overcome the CatSper infertile phenotype,
sperm from CatSper1 KO mice were incubated in conditions that support
capacitation in the absence or in the presence of 20 µM A23187. After 10 min, the
sperm were washed twice by centrifugation in A23187-free media and the
percentage of hyperactive sperm was measured using CASA. As expected, in
the absence of A23187, CatSper KO sperm did not undergo hyperactivation (Fig.
3.2 A, Supplementary Table II and Supplementary Movie 1). However, once
exposed to Ca2+ ionophore, a significant number of CatSper KO sperm exhibited
hyperactivated motility (Fig. 3.2 A, Supplementary Table II and Supplementary
Movie 2). In addition, A23187-treated CatSper KO sperm were competent to
fertilize metaphase II-arrested eggs in vitro (Fig. 3.2 B). In two independent
experiments, fertilized eggs were allowed to develop to late morula or blastocyst
stage (Fig. 3.2 C, left panel) and ten embryos in each case were non-surgically
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Fig. 3.2 A23187 treatment induces hyperactivation and fertilizing capacity of
CatSper1 KO sperm. Mouse sperm from CatSper WT and KO were incubated in
TYH medium in the presence or absence of A23187 as described above. In each of
the panels, bars represent average ± SEM (*p<0.05; p<0.01**, p<0.001***) from
7 independent experiments. (A) Hyperactivation was measured in sperm from
WT and CatSper1-/- treated or not with a short (10 min) exposure to 20 µM A23187.
After 1 hour and 20 minutes, sperm motility parameters were analyzed by CASA.
(B) Approximately 1 × 106 sperm cells from WT and KO CatSper were coincubated with about 20-30 oocytes. Fertilization rate was scored 24 hour postinsemination as described above. (C) Two cell embryos from IVF were
transferred to KSOM media and cultured for 2.5 more days until they reach late
morula and early blastocyst (left panel). Then, blastocysts were non-surgically
transferred to pseudo-pregnant females. 21 days later pups where born and
reared to sexual maturity (right panel). (D) One heterozygous female and one
heterozygous male were mated, and 8 F2 pups were born. The respective
genotype from WT, F1, CatSper-/- and F2 generations were analyzed by PCR.
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transferred to pseudo-pregnant WT female mice (Bin Ali et al., 2014; Steele et
al., 2013; Stone et al., 2015). From these experiments, five CatSper (+/-) mouse
pups were born from two different females (Fig. 3.2 C, right panel). These
heterozygous F1 mice were fertile; mating a male and female from this
heterozygous population yielded a normal litter with 1 wild type, 4 heterozygous
and 3 CatSper KO F2 progeny (Fig. 3.2 D).
3.2.3 A23187 treatment rescues hyperactivation and fertilizing capacity in
sperm of Adcy10 (aka sAC) KO and Slo3 KO but not in sperm from Pmca4
KO mice
Capacitation requires up-regulation of cAMP concentrations (Hess et al.,
2005; Nolan et al., 2004) and hyperpolarization of the sperm plasma membrane
(Santi et al., 2010). Under normal capacitation conditions, neither sAC KO nor
SLO3 KO sperm undergo hyperactivation (Fig. 3.3 B), and while SLO3 KO sperm
are able to move (Supplementary Table III and Supplementary movie 3), sAC KO
sperm are almost immotile (Fig. 3.3 A, Supplementary Table III and
Supplementary movie 5). Considering that transient exposure to A23187 can
improve IVF success in a PKA independent manner (Fig. 3.1 E and (Tateno et
al., 2013), we tested whether these KO mouse models could be rescued by a
Ca2+ ionophore pulse. When treated with A23187 for 10 min, a significant fraction
of sAC KO sperm became motile and both sAC KO and SLO3 KO sperm
underwent hyperactivation (Fig. 3.3 B and Supplementary movies 4 and 6).
Moreover, A23187 treatment induced in vitro fertilizing capacity in sperm from both
KO models (Fig. 3.3 C).

65

We previously showed that the increase in intracellular Ca2+ caused by
A23187 has to be followed by a reduction in intracellular concentrations of this ion
after removal of the ionophore (Tateno et al., 2013). In sperm, two molecules are
thought to mediate Ca2+ extrusion, namely the Na+/Ca2+ exchanger and the more
efficient, sperm-specific Ca2+ ATPase PMCA4 (Wennemuth et al., 2003a). Male
Pmca4 KO mice are infertile (Prasad et al., 2004); their sperm display poor
motility and do not undergo hyperactivation (Fig. 3.3 D and E). These data
suggest this molecule is involved in regulation of normal Ca2+ homeostasis in
sperm. We hypothesized that sperm lacking PMCA4 would have diminished
capacity to efflux Ca2+ following ionophore treatment and be less susceptible to
A23187 rescue. Treatment with A23187 rendered all Pmca4-/- sperm motionless, and
their motility was not recovered after ionophore removal (Fig. 3.3 D).
Consequently, neither their hyperactivated motility nor their fertilizing capacity
was rescued (Fig. 3.3 E).
3.3 Discussion
Capacitation encompasses a series of sequential and concomitant
biochemical changes required for sperm to gain full fertilization competency.
Despite the relevance of capacitation, the molecular mechanisms intrinsic to this
process are not well understood. A very early event in sperm capacitation is the
activation of motility by a cAMP-dependent pathway (Buffone et al., 2014). The
activation of cAMP synthesis occurs immediately after sperm are released from
the epididymis and come into contact with high HCO3- and Ca2+ present in the
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Fig. 3.3 A23187 treatment induces fertilizing capacity in sperm from Adcy10
and Slo3 infertile KO genetic models but not in sperm from Pmca4 KO.
Sperm from 3 different KO genetic mice models with their respective WT were
incubated in TYH standard in the presence or absence of A23187 as describe
above. In each of the panels, bars represent average ± SEM (*p<0.05; p<0.01**,
p<0.001***) from 7 WT (C57BL/6J),3 Slo3 KO and 4 Adcy10 KO (aka sAC)
independent experiments. (A) The percentage of motile sperm was measured by
CASA system from WT (C57BL/6J), Slo3 KO, and Adcy10 KO (aka Sac) at time
1 hour and 20 min after A23187 treatment (10 min A23187 exposure). (B)
Hyperactivation rate was measured at the same time by analysis of sperm
motility parameters using CASAnova software. (C) Fertilization rate was scored
24 hour post-insemination as described above. (D-E) Analysis of sperm
functional parameters in Pmca4-/-. Hyperactivation (D) and fertilization rate (E)
were measured as above with sperm were pre-treated or not with A23187 for 10
min.
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seminal fluid (Carlson et al., 2005; Wennemuth et al., 2003b). Plasma membrane
transport of these ions regulates sperm cAMP metabolism through stimulation of
Adcy10 (aka sAC) (Hess et al., 2005), which elevates intracellular cAMP and
activates PKA. Then, PKA phosphorylates target proteins and initiates several
signaling pathways. These pathways include sperm plasma membrane
hyperpolarization, increase in pHi, and increase in intracellular Ca2+ ions.
Consistent with the influence of these events, KO mice models in which any of
these pathways is interrupted are infertile.
Physiologically, sperm capacitation is associated with preparation for a
physiological acrosome reaction and changes in their motility pattern collectively
known as hyperactivation. Originally observed in hamster sperm moving in the
oviduct, hyperactivated motility (Yanagimachi, 1970) was later described in other
mammalian species including humans (Burkman, 1984). Hyperactivation is
associated with a strong, high-amplitude asymmetrical flagellar beating that
appears to be essential for the sperm to loosen their attachment to the oviductal
epithelium and to penetrate the zona pellucida (Suarez and Osman, 1987).
Consistent with an essential role of hyperactivation for fertilization competency,
low motility and/or defects in hyperactivation is one of the most common
phenotypes observed in sperm from many different infertile knock-out models,
including those used in the present work (i.e., Catsper-/-, Adcy10-/-, Slo3-/- and
Pmca4-/-) (Hess et al., 2005; Prasad et al., 2004; Ren et al., 2001; Santi et al.,
2010).
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Although very little is known about the molecular pathways regulating
hyperactivation, Ca2+ ions have been shown to play roles in the initiation and
maintenance of this type of movement (Navarrete et al., 2015). Most of the
information regarding the role of Ca2+ in hyperactivation has been obtained using
loss-of-function approaches analyzing sperm motility in media devoid of Ca2+
ions. Gain-of-function experiments using Ca2+ ionophores (e.g. A23187, ionomycin)
to increase [Ca2+]i have yielded unexpected results because, instead of
enhancing hyperactivation, these compounds stopped sperm movement (Suarez
et al., 1987; Tateno et al., 2013; Visconti et al., 1999). Despite being motionless,
ionophore-treated sperm are alive as they recover motility after the compound is
quenched with lipophilic agents (Suarez et al., 1987) or removed by
centrifugation (Tateno et al., 2013). The reversibility of the A23187 effect suggests
that the sperm is able to return to physiological [Ca2+]i after a drop in free
ionophore concentration. In our previous work, we showed that a short incubation
period with A23187, in addition to initiating hyperactivation, accelerated the
acquisition of fertilizing capacity. Most importantly, our data indicated that 10 min
incubation with A23187 induced fertilization competence even when activation of
cAMP-dependent signaling pathways was blocked (Tateno et al., 2013).
Considering these results, we hypothesized that a temporary elevation of
intracellular Ca2+ primes the sperm for hyperactivation and bypasses the need for
other signaling pathways required to up-regulate Ca2+ influx in sperm. To test this
hypothesis, in the present work, we selected four KO models affecting
independent signaling pathways involved in sperm motility. Three of these
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signaling molecules are believed to act upstream of the increase in Ca2+ required
for hyperactivation: CatSper, sAC and SLO3. Sperm from each of these mouse
models were unable to undergo hyperactivation and are incapable of fertilizing
metaphase II arrested eggs in vitro. In addition, Pmca4 KO sperm were used,
which would not allow intracellular Ca2+ lowering after saturating sperm cells with
this ion. Pmca4 KO mice are sterile because their sperm are deficient in both
progressive and hyperactivated motility (Okunade et al., 2004; Schuh et al.,
2004). PMCA4 has been shown to be an essential source of Ca2+ clearance in
sperm, and it is required to achieve a low resting [Ca2+]I (Wennemuth et al.,
2003a). Consistent with our hypotheses, a short incubation of sperm with A23187
induced hyperactivation of CatSper, Adcy10 and Slo3 KO but not of Pmca4 KO
sperm.
Male factors contribute to approximately half of all cases of
infertility(Martinez et al., 2012). However, in over 75% of these cases it is unusual
to have a clear diagnosis of the abnormalities found in semen parameters (Brown
et al., 2016; Williams et al., 2015). Currently, assisted reproductive technologies
(ART) remain the main therapy available. Recent studies using KO mouse
models, including those used in the present work, revealed that loss of function
of a variety of genes results in infertility. Interestingly, several of these models
display normal sperm counts, and their main deficiency is found in capacitationassociated processes such as impediments to undergo hyperactivation (Ren et
al., 2001), to undergo the acrosome reaction (Santi et al., 2010), or to go through
the utero-tubal junction in vivo (Coy et al., 2012; Tokuhiro et al., 2012). We
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hypothesize that strategies designed to elevate [Ca2+]i such as the use of A23187
pulse should overcome the need of upstream signaling pathways including but
not limited to PKA activation. In addition, although IVF has been successfully
employed in multiple species (Yanagimachi, 1994b), requirements of sperm for
capacitation vary greatly among species and have been developed for each
sperm type essentially by trial and error. In some species, such as the horse,
effective methods for IVF have yet to be established despite decades of work
(Hinrichs, 2013). Failure of equine IVF does not appear to be associated with
oocyte characteristics (Hinrichs et al., 2002) but with the inability of horse sperm
to hyperactivate and to penetrate the egg zona pellucida (ZP), two landmarks of
capacitation. A better understanding of capacitation signaling processes have the
potential to generate a “universal” IVF technology that can be used in
endangered/exotic species for which ART is not currently available.
Improving IVF conditions would be of great value; however, at the clinical
level, ICSI has replaced IVF when confronted with cases of infertility due to
unknown male factor(s). ICSI is reliable and, from the patient’s point of view,
more economical because of higher probability of success. Despite these
advantages, ICSI bypasses certain aspects of normal fertilization and may bear
effects that are not easily observed. Taking this into consideration, a method to
improve IVF can be a desirable option in some male factor cases. It is worth
noting that A23187 has already been used in the clinic for patients with repeated
ICSI failure (Nikiforaki et al., 2016) due to problems in egg activation. In these
cases, fertilized eggs are transiently incubated with ionophore after ICSI, which
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exposes the zygote to high Ca2+. On the contrary, with the method described
here, where sperm are transiently treated with A23187, the ionophore is washed
out and does not come in contact with the embryo. More interestingly, using this
methodology to overcome infertility problems related to motility and
hyperactivation could be used to improve the success rate of intrauterine
insemination, which is a significantly less invasive and less costly procedure than
either IVF or ICSI.
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CHAPTER 4
SPERM ENERGY RESTRICTION (SER) TREAMENT IMPROVES
FERTILIZATION AND EMBRYO DEVELOPEMNT IN DIFFEFERENT MOUSE
MODELS
4.1 Introduction
Forward and hyperactivated motility have distinctive movements in most
male gametes, and this distinctive movement permits the spermatozoa to reach
the female gamete for fertilization (Yanagimachi and Chang, 1963). The sperm
must undergo extensive periods of time in adverse conditions meanwhile
remaining active and motile (Muro et al., 2016). Therefore, every single energy
source must be wisely and efficiently used in order to fertilize the egg.
Sperm motility is dependent on the hydrolysis of ATP (Ford, 2006),
and up to 70% of ATP is consumed by motility (Bohnensack and Halangk, 1986).
In the same context, the rest 30% of ATP is used to transport ions, molecules
through membranes and to activate all the signaling pathways that are involved
in sperm capacitation. At the molecular level, capacitation involves a series of
signal transduction events, which includes activation of cAMP-dependent
phosphorylation pathways (Harrison, 2004), changes in intracellular pH (Zeng et
al., 1996), intracellular Ca2+ (Ruknudin and Silver, 1990), hyperpolarization of the
sperm plasma membrane potential (Em) (Escoffier et al., 2012), loss of
cholesterol (Cross, 1996; Davis et al., 1980), an increase in tyrosine
phosphorylation (Visconti et al., 1995a) and increase in ATP production and
consumption (Hereng et al., 2011) Curiously, mice lacking of capacitationassociated signaling components genes, such as bicarbonate-dependent
stimulation soluble adenylyl cyclase (ADCYC10), Ca2+ channel CatSper, or the
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Cα2 subunit of PKA have shown a reduce level of sperm ATP and motility
(Esposito et al., 2004; Nolan et al., 2004; Ren et al., 2001). These reductions
show a connection between capacitation associated signaling and metabolism.
However, how these two mechanisms interact each other are not well
comprehended.
According to one study the addition of glucose and mannose, and not of
fructose, seems to be sufficient to begin all the events implied in the increase of
hyperactivation motility in mouse spermatozoa (Goodson et al., 2012). Glucose is
mainly used by cytosolic glycolysis in somatic and gamete cells. Cells have
developed channels to transport different hexoses through the lipid bilayer (Bucci
et al., 2011). Glucose transporters, or GLUTs are proteins that enable the
transport of glucose into the cell. In mouse spermatozoa, GLUT3 is abundantly
expressed (Bucci et al., 2011). GLUT3 is expressed along the entire length of the
sperm flagellum in order to improve the effective use of glucose (Bucci et al.,
2011; Chung et al., 2014). Sperm require high amounts of ATP; therefore
because GLUT3 has a high-affinity glucose transporter, it is indispensable for
successful fertilization (Simpson et al., 2008).
Metabolic pathways initiated during the sperm journey in the female tract
may serve other purposes than sperm motility, hyperactivation, for protein
phosphorylation, for sperm structural changes, for maintaining adequate
intracellular ions among others. In addition, it is important to understand what is
occurring beyond sperm capacitation, once the sperm has already fertilized the
egg. Here, we tested a condition where sperm is starved for about 1 hour and
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then rescued with metabolic substrates. We will use the name of “sperm energy
restriction” (SER) treatment to refer to this particular protocol of sperm starving
plus rescue. When sperm were incubated for 1 hour in the absence of energy
nutrients, PKA activity and the increase in tyrosine phosphorylation were not
observed. Interestingly, PKA activity and tyrosine phosphorylation were rescued
when metabolic substrates where introduced back indicating that starving did not
affect sperm viability. Moreover, we observed that the percentage of sperm
motility and the percentage of sperm hyperactivation were much higher than
those incubated in control media in sperm from mouse C57BL6/J (Navarrete et
al., 2016). These results suggested that SER treatment might improve the ability
of sperm to fertilize. Consistent with our hypothesis, SER improved sperm
fertilization rates. Unexpectedly, SER also improved embryo development and
number of offspring per embryo transferred from different mouse models that
lead to male subfertility and infertility such as age, knock-out (KO) and transgenic
mouse models. However, SER treatment could not rescue fertilizing ability of
Ca2+ channel CatSper KO sperm. These data suggest that SER treatment still
needs Ca2+ to improve sperm parameters.
4.2 Results
4.2.1 Energy starvation state during sperm capacitation increases sperm
parameters in inbreed mice (C57BL6/j)
Sperm demand high amount of exogenous metabolic substrates in order to
maintain the movement of the flagellum. In vitro two main metabolic substrates
are present in the media, pyruvate and glucose (Toyoda Y, 1971). Different
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studies have shown that glucose is the main substrate for mouse sperm
hyperactivation when media is supplemented with BSA and HCO3- (Bucci et al.,
2011; Goodson et al., 2012). Interestingly, in the same study Goodson et al.
showed that sperm incubated in free metabolic substrate suffer a dramatically
reduction of motility and hyperactivation over time (Goodson et al., 2012).
However, the authors did not question whether those sperm in free metabolic
substrates could be rescued after addition of metabolic substrates back to the
media. At the molecular level, capacitation is associated with a fast increase in
cAMP (Wertheimer et al., 2013a), mediated by the atypical adenylyl cyclase
Adcy10 (Xie et al., 2006), followed by a fast activation of cAMP-dependent
kinase, PKA (Nolan et al., 2004) (Fig 4.1 A). Downstream of the activation of
PKA, there is an increase in tyrosine phosphorylation (Fig 4.1 B) (Visconti et al.,
1995b). To test whether PKA activity and tyrosine phosphorylation remained
active in the F-TYH (TYH Free of glucose and pyruvate). Anti-phospho
antibodies against a PKA-consensus phosphorylation sequence and anti
phosphotyrosine antibodies were used for Western blot of sperm protein
extracted at different time points (0.2,1, 5,15, 2 30, 45, 60 and 90 minutes). In
agreement with Goodson et al results, sperm motility was significantly reduced at
time 60 and almost immotile at 90 minutes. However, PKA activity and tyrosine
phosphorylation remained active at time 90 (Fig 4.1 A and B). This experiment
suggests that, epididymal fluid has enough metabolic substrates to promote
phosphorylation. After removal of epidydimal fluid by centrifugations, neither PKA
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Figure. 4.1 Energy starvation state during sperm capacitation increases
sperm parameters in inbreed mice (C57BL6/j)
Sperm from C57BL/6J mice were starved and rescue as described in Methods.
At different time periods, reactions were stopped by sperm centrifugation,
washing with PBS and boiled in sample buffer. Protein extracts were then
analyzed by Western blot with anti-phosphoPKA substrates (A) and anti-phospho
Tyrosine (PY) antibody (B). Sperm were incubated in the absence of HCO3- and
BSA (Non Capacitating Conditions), or in the presence of these compounds (Cap
conditions or Control) for 1 hour, aliquots of sperm incubated in the absence of
glucose (5mM), pyruvate (0.5mM) or both (C and D). Aliquots of sperm treated
using the same protocol as described in C and D were evaluated for motility (E)
and hyperactivated motility (F) unsing CASA system. . In each of the panels,
bars represent average ± SEM (*p<0.05; p<0.01**, p<0.001***) from independent
experiments.
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activation nor the increase in tyrosine phosphorylation occurs in the absence of
HCO3- and BSA (lane 1 in both panels C and D). After adding HCO3- and BSA,
phosphorylation patterns are activated (lane 2 in both panels C and D). In both
cases, sperm are incubated in the presence of the energy nutrients glucose (5
mM) and pyruvate (0.5 mM). The purpose of the experiment in Fig. 1 C and D
was to evaluate how the different substrates affect phosphorylation pathways at
time 60. While glucose produces energy by glycolysis and might be also coupled
to oxidative phosphorylation through the use of pyruvate and lactate at the end of
glycolysis, pyruvate can only be used by the mitochondria. As part of this figure,
we show that PKA activation occurs with both types of substrates (Lane 3 and
4.1 in Fig. 1 C). On the other hand, the increase in tyrosine phosphorylation
occurs normally with glucose as substrate (lane 3 in Fig. 1 D) but it is reduced
when only pyruvate is present in the incubation media (lane 4 in Fig. 1 D). When
sperm are incubated for 1 hour in the absence of energy nutrients, PKA activity
and the increase in tyrosine phosphorylation are not observed (lane 5 in both Fig.
1 C and D). Addition of glucose, pyruvate or both after 1-hour incubation in the
absence of nutrients rescued activation of PKA (lanes 6, 7 and 8 in Fig. 1 C and
D); on the other hand only when glucose was present the increase in tyrosine
phosphorylation was observed (lanes 6, 7 and 8 in Fig. 1 C and D).
Aliquots of sperm treated as described for the phosphorylation assays in
(Fig. 4.1 C and D), were evaluated for motility using Computer Assisted Sperm
Analysis (CASA). We observed that in the absence of nutrients for 1 hour, the
percentage of motile sperm was zero. However, the motility was rescued by the
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addition of glucose, pyruvate or both (Fig. 4.1 E). As mentioned above,
hyperactivated sperm motility increased when sperm are incubated in
capacitation conditions (presence of HCO3- and BSA; compare Bar 1 with Bar 2
in Fig. 4.1 F). In the absence of nutrients (Bar 5 in Fig. 4.1 E and F), no motility is
observed, and therefore, the percentage of hyperactivated sperm is also zero.
When nutrients are added, hyperactivation is rescued (Bars 6, 7 and 8 in Fig. 4.1
F). Remarkably, glucose induced significantly higher values of sperm
hyperactivation after starving. This result suggests that upon starving, rescued
sperm can move better than when are incubated with nutrients the whole time.
4.2.2 SER treatment enhances sperm hyperactivation and fertilization in
C57BL6/j
It is well known that out-breed and inbreed mice sperm differ in the ability to
capacitate and fertilize the egg (Goodson et al., 2011; Nakagata et al., 2014).
According to national institute of health (NIH-US) and department of agriculture
(USDA) almost 90% of research is done in inbreed mice (Badyal and Desai,
2014) and the most common strain used is C57BL6. Wild type C57BL6 mice
have shown low fertility in vivo compared to outbreed strains (Ilmonen et al.,
2009). In addition, when it comes to sperm in vitro hyperactivation and
fertilization, these parameters are also reduced (Fig 4.2 A and B) (Byers et al.,
2006; Gray et al., 2013; Liu et al., 2009; Nakagata et al., 2014; Navarrete et al.,
2016). A Recent study has shown that a transient exposure of Ca2+ ionophore
A23187 is able to improve hyperactivation and fertilizing capacity of sperm from
C57BL6/J mice in vitro (Fig 4.2 A and B) (Navarrete et al., 2016). Interestingly,
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Figure 4.2 SER treatment enhance sperm hyperactivation and fertilization in
C57BL6/j. Sperm from C57BL/6J mice were starved and rescue (SER treatment)
as described in Methods. Sperm treated with 20 µM A23187 for 10 min as
described in Navarrete et al 2016. After capacitation, sperm parameters were
measured. In each of the panels, bars represent average ± SEM (*p<0.05;
p<0.01**, p<0.001***) from independent experiments as indicated below. (A)
Hyperactivation. The percentage of hyperactive motile sperm was obtained using
CASAnova software. (B) IVF. Fertilization rate was calculated considering the
percentage of inseminated eggs achieving two-cell embryo. (C) Percentage of
3.5 days blastocyst formation. After 24 hours incubation, 2-cell embryos were
transferred to KSOM media and incubated for additional 2.5 days to reach
blastocyst stage. Notice that the percentage of blastocysts formation presented in
the figure was obtained considering only the total 2-cell embryos and not the
original number of oocytes. (D) Panel A represents 3.5 day Blastocyst obtained
from natural mating. Panel B represents 3.5 day Blastocyst obtained from in vitro
fertilization and cultured in vitro until then. (F) 15 3.5 day old blastocyst were
embryo transfer into a pseudo pregnant female and 4 pups were obtained.
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when sperm was starved and rescued (SER), hyperactivation was higher than
the one observed with a short exposure of A23187 (Fig 4.2 A). Furthermore, this
increased in C57BL6/J sperm hyperactivation came along with slightly higher
fertilization rates compared with A23187 treated sperm and significantly higher
fertilization rates than those obtained with control sperm (Fig 4.2 A and B).
Importantly, sperm energy restricted (SER) treatment increased the number of 2cell competent to develop into blastocyst (Fig 4.2 C). Moreover, the qualities of
SER blastocysts produced in vitro (Fig. 4.2 D, panel B) are very comparable to
those produced in vivo (Fig. 4.2 D, panel A). To confirm that these SER
treatment blastocyst are suitable to give rise an offspring, we embryo transferred
them into a pseudo-pregnant female, and 18 days after, 4 pups were obtained
(Fig 4.2 E). Overall, all these data suggest that a transient deprivation of
metabolic substrates is enough to improve in vitro fertilization for inbreed mice
strains with reduced fertility.
4.2.3 Table 1 A and B Comparison of standard and Starving plus Rescue
sperm treatment regarding the speed of fertilization and the minimum
amount of sperm needed for insemination in vitro
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Experiments were then conducted to evaluate the speed by which sperm treated
in standard conditions or starved and then rescue can fertilize CD1 oocytes.
Table 1 A first column shows the incubation time of sperm with eggs for each
treatment (control or starving + rescue)(second column). After this time period,
eggs were removed, washed and continue the incubation in fertilization media.
The number of two-cell embryos was evaluated the following day. The data
presented in each of the columns indicate the number of oocytes (Oocytes #),

Table 1 A and B Comparison of standard and Starving plus Rescue
sperm treatment regarding the speed of fertilization and the minimum
amount of sperm needed for insemination in vitro.
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the number of oocytes reaching two-cell embryo stage (cleavage) with the
respective percentage between parenthesis, the number of two-cell embryos
reaching blastocyst stage (Blastocyst) with the respective percentage compare
with the initial number of two-cell embryos, and, finally, the percentage of
blastocysts taken into consideration the initial number of oocytes in the assay
(Total % blastocyst). In this table, it is possible to observe that the starving plus
rescue conditions increased the velocity of fertilization. The fertilizing ability of
C57BL6/J sperm was enhanced by SER treatment in a time dependent manner
(Table1, column 4). The sperm fertilization rate (cleavage) reached a plateau 60
minutes after transient deprivation of metabolic substrates (84%-87%), whereas
sperm control gradually increased the rate for at least 240 minutes (56%-65%)
(Table1, column 4). In addition, Blastocyst development from two cells were not
significant different between times in the same sample. However, SER treatment
improved the total percentage of developed blastocyst compared to control
(Table1 column 5).
A similar experiment was conducted to evaluate the minimum number of
sperm needed for fertilization. This experiment is presented in Table 1 B. For this
experiment, sperm incubated in control (Control) or in starving plus rescue
(Rescue) media were counted and then a series of dilution of the original sperm
suspension were done with the purpose of adding different number of sperm to
the insemination drop as detailed in column 1. The columns present the same
information described for Table 1 A: number of oocytes, number of two-cell
(percentage), number of blastocysts (percentage with respect to the number of
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Figure 4.3 Sperm energy restricted treatment improves fertilization and
embryo development rates in C57BL6/J male mice from different ages.
Sperm obtained from C57BL6 mouse strain from different age mice (as shown in
figure text) were incubated in capacitating TYH media in the presence (CAP
control) or in the absence of glucose pyruvate (Starving + Rescue: SER treatment).
After 40 min, sperm in starving conditions are rescued by addition of glucose
(5mM) and pyruvate (0.5mM). Sperm in both conditions are left for additional 20
min and then added to insemination. Insemination drop containing cumulus
enclosed CD-1 females oocytes (A, B and C) or C57BL6/J oocytes (D). From A to
C and D to F each panel has three different panels. Fertilization Panel represents
percentage of oocytes that reach 2-cell embryo. Blastocyst panel represents
number of 2-cell embryo that reaches to 3.5 day Blastocyst. Total Blastocyst panel
represents the percentage of total population from the initial oocyte pool that
reaches Blastocyst stage. IVF. Percentage of fertilization rates from 2-6, 6-12 and
12-24 months old mice (A to D). 2-cell embryos were cultured until 3.5 day
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blastocyst stage (A, B, C and E). Then total percentage of 3.5 day blastocyst
formed from the initial oocyte counts (A, B, C and F). In each of the panels, bars
represent average ± SEM (*p<0.05; p<0.01**, p<0.001***) from independent
experiments.
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two cells), and total % blastocyst with respect to the initial number of eggs. Both
SER treatment and control reached a fertilization rate plateau to the maximum
sperm concentration (100,000). However, SER treatment doubled the final
fertilization rate (cleavage) per each sperm concentration (Table 2 column 4).
Interestingly, blastocyst development from 2 cells percentage did not change
between the same samples. Though, SER treatment increased the total
percentage of developed blastocyst compared to the control (Table 2, column 5).
Altogether, these data suggest that fertilization in vitro is time and sperm
concentration dependent. But, it strongly suggests that embryo development is
dependent upon sperm capacitation, and not from time and sperm concentration.
As SER treatment almost doubled the amount of final embryos produced
compared from control sperm.
4.2.4 Sperm energy restricted treatment improves fertilization and embryo
development rates in C57BL6/J male mice from different ages
The significant increase in hyperactivated motility observed after rescuing sperm
incubated previously in starving media (SER) suggested that this treatment could
improve fertilization rates. To evaluate this hypothesis, we compared the
fertilizing capacity of sperm incubated in control TYH capacitation media
(CONTROL (C) with sperm incubated in TYH media devoid of glucose and
pyruvate and then rescued with the addition of glucose and pyruvate (SER). In
mice, like humans, decreased fertility has been observed in aged animals, and is
caused by different factors such as diet, exercise and genetic outcomes
(Bronson, 1982). A recent study has shown the effects of advanced paternal age
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Figure 4.4 SER treatment improves blastocyst cell number, outgrowth and
number of pups per embryo transferred from male C57BL6/J.
Sperm were incubated in CAP control or SER treatment (Starved + Rescue)
conditions used for in vitro fertilization. 2-cell embryos were transferred to KSOM
media and further incubated for a total of 3.5 days. Blastocysts were then stained
with Hoecsht and the number of cells in each blastocyst counted. (A) Numbers
represent the average ± SEM (n=10). (B) Blastocyst in vitro outgrowth. Blastocyst
obtained with control and SER treatment sperm were assayed for outgrowth in vitro
(n=10). (C) Litter size obtained with the different treatments analyzed by age group.
Blastocysts obtained from each group were transferred to pseudo-pregnant
females. The analysis was done separating the results into two groups (sperm from
mice 2-12 months (n=15) and sperm from mice 12-24 months (n=10)). Each data
point is represented in the graph. (D) Percentage of pups per number of embryos
transferred. The same data were analyzed considering the number of pups that
were born considering the respective number of blastocyst transferred in each
case.
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on mice reproduction. Interestingly, authors concluded that fertilization capacity
(natural conception) is reduced when mice reach 12 months of age and it
declines after that age (Katz-Jaffe et al., 2013). Remarkably, they discover that
IVF, in vitro embryo development, and embryo quality was affected with age too
(Katz-Jaffe et al., 2013; Parkening, 1989). Taking this into consideration, our
experiments were conducted using male mice of three different age groups: 3-6
month old, 6 to 12 month old, and 12-24 months old. For oocyte donors, young
females were used (2 months old). Fertilization rates were significantly improved
in all ages by SER treatment compared with those CAP controls (Fig 4.3 A, B, C).
After, all 2-cell embryos were cultured until 3.5-day blastocyst stage. Despite the
age of the male there was a high reduction of blastocyst development in all CAP
controls compared to SER treatment (Fig 4.3 A, B, C). In addition, total
percentage of blastocyst produced from the initial oocytes was dramatically low in
the CAP control compared with SER treatment, but still more significantly low in
the 13-24 months of age in CAP controls (Fig 4.3 A, B, C).
Most studies used C57BL6/J female as oocytes donors to do IVF (Kohaya
et al., 2013; Nakagata et al., 2014). C57BL/6 mice are known to have gametes
and embryos extremely sensitive to manipulation in vitro compared to outbreed
CD-1 oocytes (Sugawara and Ward, 2013). Remarkably, Fertilization rates were
reduced in the CAP controls when aged sperm were used (13-24 months), but
not significant reduction was seeing on SER treatments (Fig 4.3 D). In addition to
that, percentage of blastocyst from initial 2 cells was dramatically reduced when
sperm from the oldest male was used, still in SER treatment the blastocyst
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percentage did not significantly decrease (Fig 4.3 E). Outstandingly, between
CAP control and SER treatments there is a significantly difference of total
percentage of blastocyst from the initial C57BL6/J number of oocytes used (Fig
4.3 F).
4.2.5 SER treatment improves blastocyst cell number, outgrowth and
number of pups per embryo transferred from male C57BL6/J
Since the first successful IVF in mammals (Chang, 1959) it has become clear
that there is a direct relationship between embryo quality and gestational success
post embryo transfer (Cheng et al., 2004; Maserati et al., 2014; Schulte et al.,
2015). Different studies have shown that IVF have an impact on embryo
development in vitro (Harlow and Quinn, 1982; Schulte et al., 2015). Considering
that our starving methodology improved fertilization rates and also increased the
number of blastocysts, we decided to compare quality of blastocysts obtained
with the different methodologies by counting the number of cells present in 3.5day blastocysts. For each condition, we evaluated 35 blastocysts obtained from
10 individual experiments. The total number of cells was assessed by
counterstaining of nuclei and served as an indicator for division rates. While
control sperm produced blastocysts with an average of 46 cells, SER treatment
sperm produced blastocysts with an average of 55 cells (Fig 4.4 A). Blastocysts
were further assessed by three-day outgrowth (OG) assay to test hatching,
attachment and formation of the inner cell mass (ICM) with surrounding
trophoblast cells in an in vitro system (Cui et al., 2016). An n=10 outgrowth
assays were done from different 10 IVF experiments, and a total of 200
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blastocyst were recorded for each CAP and SER treatment. CAP control
blastocyst outgrowth showed a significantly lower embryo attachment to the petri
dish (55%) than the SER treatment (75%) (Fig. 4.4 B). The next step to evaluate
embryo quality from 3.5 day blastocyst embryos obtained with sperm from
different treatments. To do this we perform embryo transfer to pseudo-pregnant
mice females. 25 independent experiments were evaluated. For each
experiment, the same number of 3.5 day blastocysts obtained with sperm treated
either with control media or with starving plus rescue protocol were transferred
non-surgically. Because, more blastocysts were obtained routinely using SER
protocol, for these experiments, the number of blastocysts transferred was
always limited by the amount of blastocysts obtained with control-treated sperm,
which range between 8 and 16 blastocysts. After transfer, females became
pregnant and the litter size for each condition was recorded (Fig. 4.4 C). Results
were analyzed depending on the mice age (2-12 months old vs 12-24 months
old). As shown in figure 4.4 C, the average litter size for embryos obtained using
Starving plus Rescue sperm treatment was significantly higher for both age
groups. The data were also analyzed as percentage of pups per number of
blastocysts transferred (Fig. 4.4 D). Altogether these data suggest that
blastocysts obtained using SER-treated sperm have better quality than those
obtained using standard control conditions.
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4.2.6 SER treatment improves intrauterine insemination in C57BL6/j male
mice
Intrauterine insemination (IUI) is an assisted reproductive technique that
delivers sperm into the female tract bypassing the cervix. IUI is implemented in
humans as a fertility treatment, and widely performed in commercial breeding of
livestock. However, in the literature there is few studies about IUI in mouse
compared with other species such us humans, bovine, horses among others
(Stone et al., 2015). We decided to evaluate the success of sperm using control
media vs the success of sperm treated with the starving protocol. In IUI protocol,
sperm were used directly after incubation in media without nutrients (SER
treatment) without rescuing them by addition of nutrients. Because IUI in mice
has been shown to work better when sperm are incubated in non-capacitating
conditions (Duselis and Vrana, 2007), the media used for these experiments for
both control and starving conditions was done without addition of HCO3- and
BSA. Interestingly, SER treatment yielded about 55% pregnancy rate compared
to CAP control that was about 13% (Fig 4.5 A). In addition, the average litters
size were larger in SER (6) treatment than the control (2) (Fig 4.5 B and C).
These data are comparable to what was published and suggest that SER
treatment improves sperm ability to fertilize in IUI.
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Figure 4.5 SER treatment improves intrauterine insemination in C57BL6/j
male mice.
Sperm from C57BL6/J mice were incubated in control media or in SER treatment
media without HCO3- and BSA. Once sperm are immotile (~40 min), sperm are
transferred non-surgically to super ovulated females. (A) Percentage of females
that become pregnant after IUI with sperm incubated in either control or starved
media. (B) Average of litter size. (C) Sample of pups obtained from SER treatment.
In each of the panels, bars represent average ± SEM (*p<0.05; p<0.01**,
p<0.001***) from independent experiments.
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4.2.7 SER Treatment rescues sperm fertilization capacity and embryo
development from sub-fertile strains
Inbreed Genetic backgrounds have lower fertility in vivo and in vitro (Byers
et al., 2006). These mice strains such as C57BL6 are relevant for research and
high priority on the mouse phenome database (Bogue and Grubb, 2004). Genetic
manipulation of these valuable mice leads in many cases to acute sub-fertility.
We decide to use two genetically modified models FerTDR/DR and Akita. FerTDR/DR
is a mouse model that includes an inactivating point mutation (D743R) in the
catalytic loop of the kinase. FER expression is not affected but in this model the
kinase activity of the enzyme is abolished, which in the sperm inhibits the onset
of tyrosine phosphorylation and impairs fertilization in vitro. The Akita mouse is a
model of type 1 diabetes resulting from a mutation in the Insulin2 gene. Previous
studies on the Akita mice show that sperm from Akita mice fertilize fewer
embryos, and those embryos that do fertilize are developmentally impaired at the
blastocyst stage (Kim and Moley, 2008). And one inbreed mouse (SJL/J) with
proven sub-fertility in vitro (Byers et al., 2006). Considering that we showed in
2016 that Ca2+ ionophore A23187 overcome mice infertility in different KO models
(Navarrete et al., 2016), A23187 and SER treatment were compared. Interestingly,
FerTDR/DR sperm fertilization rate was improved with transient A23187 incubation.
Starving treatment improves fertilization of FerTDR/DR sperm to higher levels (Fig
4.6 A). Moreover, when 2 cell embryos were cultured further to blastocyst stage,
our results indicate that once two-cell are obtained, both ionophore treatment and
starving plus rescue protocols are equally successful for embryo development
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(Fig 4.6 B). Similarly, SER treatment improved fertilization rates of sperm from
Akita and SJL/J mice (Fig. 4.6 C). Also, the total percentage of blastocyst was
significantly higher in SER treatment than the CAP control (Fig 6 C). In one of the
experiments using FerTDR/DR and one using Akita mice, blastocysts obtained
using starved plus rescue protocol were transferred and pups were obtained (10
for FerTDR/DR and 5 for Akita) (Fig 4.6 D).
4.2.8 Combination of A23187 and SER treatment significantly improves
fertilizing capacity of CatSper1 KO sperm
Sperm ability to fertilize in vitro is being shown to be induced by Ca2+ influx
(Navarrete et al., 2016). Knock-out mice lacking any of the four main CatSper
subunits (CatSper1, CatSper2, CatSper3 or CatSper4) are infertile in vivo and in
vitro (Qi et al., 2007). Recently, we were able to rescue CatSper KO sperm
hyperactivation and fertilization with a transient exposure to Ca2+ ionophore
A23187 in vitro (Navarrete et al., 2016) (see also Chapter 3 of this thesis). To test
whether SER treatment can overcome the CatSper infertile phenotype, sperm
from CatSper1 KO mice were incubated in conditions that support capacitation in
the presence or absence of A23187. A23187-treated CatSper KO sperm were
competent to fertilize (Fig 4.7A). However, SER-treated CatSper KO sperm did
not rescue fertilization (Fig 4.7A). To evaluate whether these treatments, SER
and A23187 can be combined, we added 5 uM of A23187 at the end of SER
treatment and then washed the A23187with two centrifugations in A23187-free
media. Surprisingly, combination of treatments significantly improved fertilization
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Figure 4.6 SER Treatment rescues sperm fertilization capacity and embryo
development from sub-fertile strains.
(A) Fertilization rate of FerT DR/DR sperm incubated under control, transient
exposure to A23187 Ca2+ ionophore, or SER treated protocols. (B). Embryo
development rates. Percentage of blastocyst obtained from 2-cell embryo under
same conditions described in A. (C) Fertilization and embryo development rates of
AKITA and SJL/J mice strains. Sperm were treated in CAP control or SER
treatment conditions. The table indicates the number of oocytes used in 4
independent experiments, together with the number of cells that reach 2-cell stage
with the respective percentage. 2-cell embryos were transferred to KSOM media
and further incubated for 3.5 days. The number of blastocysts obtained with the
respective percentage of blastocyst from 2-cell embryos is given. Finally, the last
column represent the effectiveness of each treatment given by percentage of
blastocyst from the initial number of oocytes used in the assays. (D) 15 3.5 day
blastocyst were embryo transfer to a pseudo-pregnant female and pups were
obtained from FerT DR/DR and AKITA genetic modified mice. In each of the panels,
bars represent average ± SEM (*p<0.05; p<0.01**, p<0.001***) from independent
experiments.
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rates compared to A23187 alone (Fig 4.7 A). Fertilized eggs were allowed to
develop to blastocyst stage (Fig 4.7 C), and from an N=3 experiments the
percentage of blastocyst from two cells was significantly higher in the combine
treatments compared with A23187 alone (Fig 4.7 B). Blastocyst development was
analyzed at 3.5 day stage before embryo transfer, and in the N= 3 experiments
SER- A23187 (Fig 4.7 C Panel B) treatment improved blastocyst development
compared with A23187 alone as more blastocyst were hatching out (Arrows) (Fig
4.7 C Panel A). The best blastocysts were pooled from SER- A23187 and A23187
alone, and a total of 15 blastocysts from each treatment were transferred into 2.5
days pseudo-pregnant females. A23187 alone gave birth to three (-/+) pups (Panel
A) compared to SER- A23187 with six (-/+) pups (Panel B) (Fig 4.7 D). Altogether,
these results suggest that combination of treatments is very effective in
producing healthy embryos and that it can be used as treatment in some infertility
cases.
4.2.9 SER treatment synchronizes calcium oscillations in the oocyte upon
fertilization from C57BL6/j sperm
When sperm fertilize the oocyte it triggers intracellular Ca2+ ([Ca2+]i)
oscillations in the egg cytoplasm (Malcuit et al., 2006a). Several studies have
shown a correlation between the number of Ca+2 elevations experienced by the
egg after fertilization and the success of pre and post- implantation embryo
development (Ajduk et al., 2011; Malcuit et al., 2006b; Ozil et al., 2006). The
significant increase in fertilization, embryo development and pups observed in
SER treatment experiments, suggest that sperm treated in these conditions
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Figure 4.8 Combination of A23187 and SER treatment significantly
improves fertilizing capacity of CatSper1 KO sperm.
(A) Fertilization rate. Sperm from CatSper 1 KO mice were incubated in four
conditions: 1) CAP (control), 2) A23187 transient treatment;3) SER treatment; and
4) SER treatment followed by A23187 transient treatment. (B) Percentage of
blastocyst development. (C) Visual embryo development. Panel A: 3.5 day
blastocyst formation from A23187 transient treatment and Panel B: 3.5 day
blastocyst formation from SER treatment followed by A23187 transient treatment.
Red arrows are indicating blastocyst hatching, which represents more advanced
embryos. (D) Then 15 3.5 day blastocyst were transferred from each treatment to
a pseudo-pregnant female and heterozygous offspring were obtained. Panel A: 3
pups from A23187 transient treatment and Panel B: 6 pups from SER treatment
followed by A23187 transient treatment. In each of the panels, bars represent
average ± SEM of (n=4) (*p<0.05; p<0.01**, p<0.001***) from independent
experiments
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improve oocyte activation. To evaluate this hypothesis, we monitored Ca2+
oscillations after sperm fertilization from CAP controls and SER treatment (Fig
4.8 A). 30 oocytes were monitored for each treatment, and Ca2+ oscillations
patterns were analyzed for each individual oocyte. We looked at the time for the
first Ca2+ oscillation. SER-treated sperm was faster fertilizing the egg. In addition,
SER treatment also increased synchronization of the Ca2+ oscillations when
compared to CAP controls (Fig 4.8 B). Ca2+ oscillations intervals were counted
between time 0 and 60 minutes period. SER treatment had significantly more
intervals than the CAP control (Fig 4.8 C). All these data suggest that SER
treatment synchronizes sperm to fertilize the egg and also improves Ca2+
oscillatory pattern, which at the end it might improve pre- and post-implantation
embryo development.
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Figure 4.9 SER treatment synchronizes calcium oscillations in the oocyte
upon fertilization from C57BL6/j sperm.
(A) Representative [Ca2+]i traces comparing [Ca2+]i rises during the first hour of in
vitro fertilization (IVF). C57BL6/J mice sperm were treated the same as abovementioned. Sperm and cumulus-enclosed oocytes from CD-1 females were
incubated together for 1 h with the respective treatment (CAP or SER). After 1
hour of co-incubation, sperm was washed off and then fertilize oocytes were
loaded with fura AM and then Calcium oscillations were recorded. (B). The n=30
oocytes were recorded and the time for the first Ca2+ oscillation was analyzed,
graph represents average of time in minutes. (C) The number of peaks was
counted, and average of 30 oocytes readings per treatment was plotted. In each
of the panels, bars represent average ± SEM of (n=30) (*p<0.05; p<0.01**,
p<0.001***) from independent experiments.
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4.3 Discussion
Different studies have shown that glucose is essential for successful
sperm capacitation. It not only serves as energy source for flagellar beating, but
also serves as a propellant to enable spermatozoa to fertilize eggs (Goodson et
al., 2012; Okabe et al., 1986). In addition, we demonstrate that glucose is
essential for cAMP pathway and for tyrosine phosphorylation. In contrast,
pyruvate could only recover cAMP pathway but not tyrosine phosphorylation. In
agreement with Goodson et al, pyruvate only rescued sperm motility, but not
hyperactivation as glucose does (Goodson et al., 2012).
All capacitation-associated processes need high amount energy which
appear to be generated mainly by glycolysis (Ford, 2006). Removal of metabolic
substrates causes a total decrease of motility over time (Goodson et al., 2012;
Mukai and Okuno, 2004). When we put metabolic substrates back, sperm motility
and hyperactivation were recovered; moreover, the recovery reached higher
levels than those obtained without starving in control media. With age infertility
increases in all mammals (Harris et al., 2011). Some studies have shown that
age increases sperm malformations, decreases sperm motility, quantity, and
quality (Sharpe, 2012). Aged rodent experiments have shown that age impact
fertilization and embryo development in vivo and in vitro (Cheng et al., 2004;
Katz-Jaffe et al., 2013; Ozkosem et al., 2015; Schmidt et al., 2009). However, the
field still does not know how age is causing male infertility. In our work, we
evaluated whether SER treatment can be used to overcome age-related
problems in male infertility which most of the times cannot be overcome using
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ART (Seidel, 2015). To attempt to solve this problem we used SER treatment in
sperm from old mice and we found that SER treatment improved fertilization,
embryo development and number of pups from aged animals.
CatSper sperm knock out is infertile due to lack of hyperactivation (Qi et
al., 2007). Remarkably, with a short pulse of Ca2+ ionophore A23187
hyperactivation and fertilization rates were rescued (Navarrete et al., 2016)(also
see Chapter 3). However, CatSper A23187 treated yield total percentage of
fertilization of 40% and the following embryo development was low compared
with wild type control treated with A23187 (Navarrete et al., 2016). When SER was
used, it did not rescue sperm hyperactivation and fertilization. This experiment
indicates that SER treatment is not sufficient to rescue fertility in sperm lacking
the CatSper channel. Remarkably, when A23187 and SER treatment were
combined, sperm fertilization and embryo development rate reach out 90%.
Overall, these experiments confirmed the relevance of Ca2+ for fertilization, and
in addition, it also indicates that metabolism is a key player for fertilization an
embryo development.
Different studies have shown to improve performance of sperm fertilization
rates by adding methyl-β-cyclodextrin (Liu et al., 2009), extracellular ATP (ATPe)
(Vasudevan and Sztein, 2011), and glutathione (Nishizono et al., 2004; Takeo
and Nakagata, 2011). However, how these treatments improve sperm
capacitation is not understood. In contrast, A23187 and SER treatment work
directly on sperm capacitation pathways (Goodson et al., 2012; Navarrete et al.,
2016; Tateno et al., 2013). Gene mutations sometimes lead to infertility or
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subfertility phenotypes in different mammal species (Ogorevc et al., 2011). In
order to investigate these phenomena fertility research is conducted in animal
models (Jamsai and O'Bryan, 2011). Many Transgenic and knockout mouse
models available are exhibiting an infertile or at least subfertile phenotype (Lin
and Matzuk, 2014; Matzuk and Lamb, 2008). One case is the type 1 diabetic
Akita mouse resulting from a mutation in the insulin2 gene. This mouse have
shown abnormal sperm parameters, a decrease in litter size and also low
fertilization and embryo development rate (Kim et al., 2012). This study was the
first to link a paternal metabolic abnormality to a sperm effect on cell division and
subsequent embryonic development (Kim and Moley, 2008) (Dias et al., 2014).
Thus, when SER treatment was used on type 1 diabetic Akita mouse sperm
fertilization and embryo development where increased compared to the control.
In the same sense with FerTDR/DR these two parameters were increased. These
data suggest that SER treatment is bypassing genetic problems that are linked to
sperm epigenetic regulation.
A hallmark of fertilization is oocyte activation by the sperm. Studies in vitro
concluded that sperm-egg fusion triggers cytoplasmic Ca2+ rise with a short peak
that goes down to basal level and then rise again with time intervals in between
(Swann and Lai, 2016). These oscillations are maintained for hours depending
on the specie (Deguchi et al., 2000). Oscillations regulate not only events
immediately following fertilization (Ducibella et al., 2002), they were also reported
to affect some aspects of subsequent embryo development (Ajduk et al., 2011;
Ozil et al., 2006). SER treatment showed a faster fertilization rate with a plateau
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of 60 minutes, and, in addition, yields healthier and greater number of embryos
suggesting that sperm ability to activate the oocyte was more precise. Results
showed that oocytes fertilized by SER-treated sperm have more Ca2+ peaks in a
period of 60 minutes and also, the first Ca2+ oscillation occurred faster.
Altogether, these results are in agreement with findings indicating that correct
pattern of Ca2+ oscillations are crucial for development (Ajduk et al., 2011;
Ducibella et al., 2002; Ozil et al., 2006; Toth et al., 2006).
Female tract is a trap for bad sperm. Only the best sperm can get to the
oviduct and have the chance to fertilize the egg. The situation in vivo is
completely different for the sperm than in vitro. During fertilization time only few
sperm can reach the oviduct to fertilize the oocyte (Hino et al., 2016). In vitro is
another ball game for different species. Synthetic serum for humans (Shih et al.,
2016), heparin for bovine (Parrish et al., 1989), procaine for equine (McPartlin et
al., 2009), methyl-β-cyclodextrin, glutathione, and A23187 for rodents (Liu et al.,
2009; Nakagata et al., 2014; Navarrete et al., 2016) are compounds that increase
fertilization rates in vitro. However, these compounds are not physiological. In
contrast, SER treatment was able to improve fertilization rates just by modulating
metabolism, which in part it might mimic some aspects in vivo of sperm
capacitation. These results suggest that many of our current procedures for
capacitating mammalian sperm of most species in vitro are suboptimal, in part
because of incomplete understanding of in vivo sperm capacitation.
In conclusion, transient energy restriction is a process where sperm is
incubated in media without metabolic substrates for some time for them to
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become immotile. Then, metabolic substrates are place back allowing for rescue
of motility. This transient energy restriction followed by rescue promotes
improvement in sperm parameters. When metabolic substrates are back sperm
efficiently used the energy produced by glycolysis in order to improved motility,
hyperactivation and fertilization parameters. After fertilization, one cell embryo
derived from SER treated sperm have better outcome in embryo development
and offspring output. SER treatment is improving sperm parameters without the
use of synthetic compounds suggesting that SER treatment somehow is
mimicking fertilization in vivo compared to other ways of capacitation, and maybe
in the near future this new insight can help to overcome infertility in the species in
need for new treatments. Perhaps the main lesson is that there is much to learn
about sperm capacitation and how co-evolution of sperm and the female tract
impacts sperm capacitation, selection, embryo development and the offspring.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
The importance of Ca2+ and glucose during sperm capacitation has been
previously described (Bucci et al., 2011; Deguchi et al., 2000; Lishko et al.,
2012). However, The relevance of these compounds from sperm capacitation
was not expected to be present post-fertilization. The present thesis was aimed
to answer how Ca2+ and metabolism modulate sperm capacitation and the
process of fertilization.
Our work found that Ca2+ has a biphasic role in sperm cAMP signaling
pathways. Sperm treated in Ca2+-free media did not show an increase in PKA
substrates phosphorylation nor tyrosine phosphorylation when in the presence of
HCO-3 and BSA. To make sure that sperm was in Ca2+ free media, Ca2+ was
chelated by EGTA, and unexpected, EGTA promoted PKA activity and the onset
of tyrosine phosphorylation. EGTA released the inhibitory effect of Ca2+ in cAMP
pathways when it is present at low extracellular levels. In other sperm species,
the removal of Ca2+ also promoted activation of cAMP pathways and the onset of
tyrosine phosphorylation (Gonzalez-Fernandez et al., 2013). How this effect is
mediated is still unknown. Ca2+ has being shown to activate different Ca2+
dependent proteins downstream, such as calmodulin (CAM), which is known to
be present in sperm(Ignotz and Suarez, 2005).Those CAM dependent proteins
are phosphodiesterase I (PD1) (Wasco et al., 1989), calmodulin kinases II/VI
(CAM II/VI) (Lasko et al., 2012) and serine/threonine phosphatase Calcineurin
(PPP3) (Klee et al., 1998). Inhibition of PD1, CAM and PPP3, but not CAMII/V in
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Ca2+ free media released the inhibitory effect on cAMP pathways and tyrosine
phosphorylation. On the other hand, the presence of Ca2+ increases PKA activity
and targets the onset in tyrosine phosphorylation (Visconti et al., 1995b). This
suggests that Ca2+ is modulating this biphasic activation of cAMP pathways and
the onset of tyrosine phosphorylation through calmodulin dependent proteins.
The best described Ca2+ channel in sperm is CatSper channel. CatSper
knockouts are infertile due to the lack of sperm hyperactivation (Ren et al., 2001).
To test whether Ca2+ positive feedback was mediated through a CatSper
channel, CatSper KO sperm was capacitated in Ca2+ free media. The CatSper
KO sperm showed phosphorylation activity by PKA and tyrosine in comparison
with the wild type sperm that did not showed any phosphorylation activity. This
suggests that Ca2+ positive effect is mediated by the CatSper channel .The
increase of intracellular [Ca2+]I have been postulated to be very important for
fertilization (Ren et al., 2001). This increase in [Ca2+]I is mediated by the
activation CatSper channel through changes in intracellular phi (Kirichok et al.,
2006). Removal of HCO3- in the media prevents the activation of cAMP
pathways, but also the onset of tyrosine phosphorylation in CatSper KO sperm.
Proposing that an increase of intracellular [Ca2+]I is mediated by the increased
activity of cAMP pathways as soon as extracellular Ca2+ concentrations are
increased . Our results suggest that the cross talk between Ca2+ and cAMP
pathways are mediating sperm capacitation. In conclusion, Ca2+ homeostasis is
important to regulate activation of these cAMP-signaling pathways in a biphasic
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matter. Therefore, there is a need to understand how Ca2+ homeostasis is
regulated and how its targets downstream play a role in sperm capacitation.
Ca2+ is very important for fertilization. Inhibition of sperm hyperactivation by
the lack Ca2+ channel CatSper proved that Ca2+ is one the major driving factors
for male fertility. A study from Tateno et al showed that sperm treated with a
short pulse of Ca2+ ionophore A23187 reduced the motility, but when A23187 was
washed off sperm hyperactivation was positively improved (Tateno et al., 2013).
This suggests that A23187 treatment might bypass inhibition of signaling pathways
upstream of Ca2+. Three of these signaling molecules are believed to act
upstream of the increase in intracellular Ca2+ required for hyperactivation: Ca2+
channel CatSper, soluble adenylyl cyclase (sAC) and the potassium channel
(SLO3). The deletion of any of these three genes leads to infertility due to the
inability of the sperm to reach a hyperactivate state (Esposito et al., 2004;
Okunade et al., 2004; Ren et al., 2001). Interestingly, the CatSper KO sperm
treated with A23187 was able to hyperactivate. Suggesting that A23187 is mediating
the effect by increasing intracellular Ca2+. To test if A23187 is able to overcome
infertility in the CatSper KO mouse, sperm was treated with A23187 and then
placed with metaphase II oocytes in an in vitro fertilization drop. A23187 Treated
CatSper KO sperm increased fertilization rates, but also embryo development
leading to the birth of pups. Sperm hyperpolarization is essential for Ca2+ entry
through CatSper channels during the capacitation (Chavez et al., 2014). The
potassium channel (SLO3) KO sperm cannot hyperpolarize, subsequently it
cannot increase intracellular Ca2+. In agreement, SLO3 KO sperm treated with
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A23187 was able to hyperactivate and fertilize. In addition, A23187 treatment was
able to by passed inhibition of fertilization by PKA inhibitor H-89 (Tateno et al.,
2013). These results suggest that A23187 treatment might be able to bypass any
inhibition upstream of PKA activation. When bicarbonate activates the soluble
adenylyl cyclase (SACY) then, cAMP pathways are initiated (Buffone et al.,
2014). Activated SACY hydrolyzes ATP to produce cAMP to activate PKA
downstream (Wertheimer et al., 2013a). SACY KO Sperm have impaired motility
due to the lack of cAMP production (Esposito et al., 2004). When treated with
A23187, the motility and hyperactivation was recovered, but also fertilization. In
conclusion, A23187 is able to bypass genetic problems where cAMP pathways are
involved.
Sperm flagella contain the motile apparatus necessary for the movement and
penetration of sperm into the egg at fertilization (Lee, 2011). Activation of sperm
flagellar motility is triggered by intracellular ionic changes from the female
reproductive tract (Lishko et al., 2012). It involves activation of energy
metabolism and the motile apparatus. Metabolism includes many enzymes for
ATP production and ATP regeneration. The conversion of glucose and pyruvate
into molecules of ATP has being very well described (Bucci et al., 2011). Glucose
is converted into different energy molecules such as ATP, lactate and pyruvate
by glycolysis. The end product, pyruvate, is used by oxidative phosphorylation
and finally converted it in ATP (du Plessis et al., 2015). Both glycolysis and
mitochondrial oxidative phosphorylation are the two major metabolic pathways for
sperm functionality (du Plessis et al., 2015; Goodson et al., 2012; Miki, 2007).
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Alterations of any of these metabolic pathways lead to sperm malfunction and
then infertility (Amaral et al., 2013; Asghari et al., 2017; Liu et al., 2015).
Glycolysis was shown to be essential for ATP production in sperm. Mice with a
knockout (KO) of the GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and
lactate dehydrogenase type C (Ldhc) genes were infertile (Miki et al., 2004; Odet
et al., 2013). Male mice with a KO of the Pgk2 (phosphoglycerate kinase 2) gene
were severely subfertile (Danshina et al., 2010) due to impairment of sperm
motility and low ATP levels. Sperm produce high levels of ATP, 70% of which is
utilized by axonemal dynein to drive sperm motility (du Plessis et al., 2015).
Dynein transforms ATP into mechanical force by hydrolyzing it (Okuno and
Brokaw, 1979). Then, dynein arms arranged along each doublet microtubule with
the initiation and propagation of successive flagellar bends (Kamimura and
Kamiya, 1992). All these together promote the initiation of sperm movement and
consequence fertilization. Therefore, our last chapter was aimed to understand
how glucose and pyruvate are modulating sperm performance.
The best mouse model to understand sperm gain of function are those where
subfertility is present (C57BL6), due to several factors such as weak sperm
parameters, like motility and hyperactivation (Goodson et al., 2011) The C57BL6
strain is commonly used in transgenic facilities as the whole genome is
sequenced (Nakagata et al., 2014) and the majority of the KO models are from
C57BL6 background (Badyal and Desai, 2014). Sperm from C57BL6/j mice in
TYH media devoid of glucose and pyruvate stop moving around 40 minutes. With
the addition of glucose and/or pyruvate, there is a rescue in motility parameters.
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Unexpectedly, there was an increase of hyperactivation in the sperm energy
restriction (SER) treatment than the control. Sperm fertilization capacity was
improved leading to an important increase in embryo development and offspring
numbers compared to the control in IVF and Intra-uterine insemination (IUI)
procedures. One hallmark of sperm capacitation is the increase of intracellular
Ca2+. This Ca2+ rise promotes sperm hyperactivation, leading to fertilization
(Clapham, 2007). The CatSper KO is infertile, thus presenting the perfect model
to test if the SER treatment is Ca2+ dependent. However, the SER treatment
could not rescue sperm fertilizing ability in the CatSper KO model. When Ca2+
ionophore A23187 and SER treatment were combined, then fertilization rates were
significantly increased compared to A23187 treated sperm alone. Embryo
development was significantly improved was after this combination. We can infer
from these results Ca2+ is part of the fertilization process, and SER treatment is
positively improving fertilization and embryo development. Sperm fertilization
promotes the activation of a series signaling pathways in the oocyte. One of
those is the onset of Ca2+ oscillations that are triggered by the sperm factor PLCζ
(Swann and Lai, 2016). Recently, studies have shown that a constant and longer
Ca2+ oscillation determines the quality of pre- and post-embryo development
(Ducibella et al., 2002; Ozil et al., 2006). SER treated sperm improved oocyte
Ca2+ oscillation profiles, but also synchronize the time of fertilization. SER
treatment is telling us that the sperm capability to hyperactivate and fertilize is
mediated by Ca2+ and metabolism. The combination of these two components
improved embryo development, which leads us to suggest that Ca2+ and
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metabolism play a fundamental role for sperm capacitation and embryo
development.
Male infertility is a leading concern for humans and animals worldwide. Male
infertility is the cause of approximately 50% of all infertility cases in human
couples (Tournaye et al., 2016), and the same percentage is associated with
male-associated breeding failure in the animal industry (Park et al., 2013;
Peddinti et al., 2008). Therefore, development of novel methods to improve male
fertility requires serious consideration. Intra-uterine insemination (IUI), in vitro
fertilization and intracytoplasmic sperm injection (ICSI) are frequently used
fertility treatments for couples with low male fertility (subfertility) and extensile
used in animal industry to improve genetic traits (de Mouzon et al., 2010). Lately,
improvements of all assisted reproductive technologies have not evolved enough
to improve fertilization, embryo development and implantations rates (Wilkinson
et al., 2017). For example, in humans there is only a 5% success rate with
patients using Intra-uterine insemination (IUI) (Bensdorp et al., 2007), compared
to 60% of successful rate in bovine and porcine industry (Verberckmoes et al.,
2004). IVF rates also vary significantly between species, in humans it is around
35% success compared to 0% in horses (Hinrichs, 2012; Mantikou et al., 2013).
And, ICSI rates in human and horses are around 35% compared to almost 0% in
bovine and porcine (Mantikou et al., 2013; Seidel, 2015). Therefore, our
discoveries have potential applications to help overcome male infertility in a
variety of species. Ca2+ ionophore A23187 showed a potent way to bypass genetic
problems where the entrance of Ca2+ is inhibited. A23187 only allows a selection
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of sperm to achieve hyperactivation, mimicking natural selection. This suggests
that it would be beneficial for IVF, as well as ICSI procedures where sperm
screening is important. Sperm treated with SER treatment showed an
improvement of all reproductive parameters from sperm hyperactivation to
numbers of offspring obtained at the end. A huge advantage of this procedure is
the natural way the treatment works, by only starving and rescue the sperm it will
eliminate the need for drugs. The main advantage and possibility that the results
are showing is that the SER can be used on any mammalian species. Therefore,
it is important to test SER treatment on a variety of different species, not limiting
to mainly the farm anima industry. The ultimate goal would be to encompass a
treatment that can improve IVF and IUI success rates, as one of the main
challenges is to improve embryo development.
According to Dr. Min Chueh Chang sperm capacitation is all the events
that lead to the development of the capacity of mammalian sperm to fertilize an
oocyte (Chang, 1984). After several years of research, it is being shown that
sperm capacitation is a biochemical event; the sperm move normally and look
mature prior to capacitation. In vivo, capacitation typically occurs after ejaculation
once the sperm has entered the female reproductive tract (Chang, 1951). In vitro,
capacitation can be achieved by incubating sperm that have either undergone
ejaculation or have been extracted from the epididymis in a defined medium for
several hours (Toyoda Y, 1971). Dr. Chang insights lead to substantial
approaches to understand the real meaning of sperm capacitation. Out of many
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sperm physiology studied, we were interested to understand two important
events in sperm capacitation: Metabolism and Ca2+ homeostasis.
Metabolic pathways and Ca2+ homeostasis initiated during the sperm
journey in the female are important for sperm motility, hyperactivation, protein
phosphorylation, structural changes, and for maintaining adequate intracellular
ions and among others (Clapham, 2007; Visconti, 2009; Visconti, 2012). When
sperm was treated with SER treatment or A23187, in conjugation or separately
sperm parameters and fertilization rates were improved, along with embryo
development leading to an increase in the number of offspring. For the first time,
we are showing that sperm capacitation in vitro is positively modulating the
outcome of embryo development and implantation rates. Suggesting that sperm
capacitation is not only a change that promotes fertilization. In other words, the
results are suggesting that sperm capacitation is an important process to
significantly increase the whole process of reproduction from gamete to offspring.
These results are challenging the current knowledge about fertilization. For this
reason, it is important to understand what is occurring beyond sperm
capacitation. In conclusion, understanding the basic of sperm capacitation is
important to further understand fertilization. And, A23187 and SER treatment may
serve as the initial tools to explore the impact of sperm capacitation in embryo
development and an offspring.
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CHAPTER 6
MATERIAL AND METHODS
6.1 Materials
6.1.1 Materials Chapter 2
Chemicals were purchased from the following sources (codes between
parenthesis indicate the catalog number of the respective compound): Bovine
serum albumin (BSA, fatty acid-free) (A0281), H-89 (B1427), Cyclosporin A (C3662), Ethylene glycol-bis (2-aminoethylether)-N,N,N,N’tetraacetic acid (EGTA)
(E-3889), KN93 (K-1385), KN-62 (K-102), N6,2’-O-Dibutyryladenosine 3’,5’-cyclic
monophosphate sodium salt (D-0627), 3-Isobutyl-1-methylxanthine (I-5879),
Tween-20 (P7949), ionomycin (I-0634), fish skin gelatin (G7765), and human
chorionic gonadotropin (CG5), were purchased from Sigma (St. Louis, MO). N-(6Aminohexyl)-5-chloro-1-naphthalenesulfonamide (W7) (681629), and
Calmidazolium Chloride (208665) were acquired from Calbiochem (Billerica, MA).
Anti-phosphotyrosine (anti-PY) monoclonal antibody (clone 4G10) was obtained
from Millipore (Billerica, MA). Rabbit monoclonal anti-phosphoPKA substrates
(anti-pPKAS) (clone 100G7E), anti-pan-CalcineurinA polyclonal (2614), anticyclophilin A polyclonal (2175) were purchased from Cell Signaling (Danvers,
MA). Horseradish peroxidase-conjugated anti-mouse and anti-rabbit IgGs were
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) and
GE Life Sciences, respectively. Acrylamide (30%) and β-Mercaptoethanol were
obtained from Biorad (Hercules, CA).
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6.1.2 Materials for chapter 3 and 4
Chemicals and other lab reagents were purchased as follows: Ca2+ Ionophore
A23187 (C7522), Bovine serum albumin (BSA, fatty acid-free) (A0281), Tween-20
(P7949), fish skin gelatin (G7765), Pregnant mare serum gonadotropin (G4877)
and human chorionic gonadotropin (CG5), were purchased from Sigma (St.
Louis, MO). Non-Surgical Embryo Transfer (NSET) Device was acquired from
Paratechs (Billerica, MA). N-[2-[[3-(4-bromophenyl)-2-propen-1-yl]amino]ethyl]5isoquinolinesulfonamide, and dihydrochloride H-89 (130964-39-5) were
purchased from Cayman chemical (Ann Arbor, Michigan). Embryo transfer light
mineral oil (ES-005-C) and EmbryoMax® KSOM Medium (1X) w/ 1/2 Amino
Acids (MR-106-D) were obtained from Millipore (Billerica, MA). Rabbit
monoclonal anti-phosphoPKA substrates (anti-pPKAS) (clone100G7E), was
purchased from Cell Signaling (Danvers, MA). Horseradish peroxidaseconjugated anti-rabbit IgGs was purchased from Jackson Immuno-Research
Laboratories GE Life Sciences. 30% Acrylamide and β -Mercaptoethanol were
obtained from Biorad. And Fura-2-acetoxymethyl ester was obtained from (Fura
2-AM, Molecular Probes; Invitrogen), pluronic acid (Molecular Probes),
monitoring glass bottom dish (Mat-Tek Corp.)
6.2 Animals
All procedures (including euthanasia, embryo transfer and genotyping)
involving experimental animals were performed in accordance with Protocol
#2013-0020 and 2016- 0026 approved by the University of MassachusettsAmherst Institutional Animal Care and Use Committee (IACUC). CD1 (ICR) and
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C57BL6/J (Different Ages) mice were obtained from Charles River Laboratories
(Wilmington, MA). Fer DR/DR was obtained from Dr. Craig (Craig et al., 2001).
C57BL/6-Ins2Akita/J and SJL/J mice were obtained from Jackson laboratory (Bar
harbor, ME). Infertile KO mice genetic models (CatSper KO(Ren et al., 2001),
Slo3 KO(Santi et al., 2010), Adcy10 KO(Hess et al., 2005)) and their
corresponding wild type were on an C57BL/6J background; Pmca4-/-(Prasad et
al., 2004) mice and corresponding wild type were on an FVB/N background.
These genetically modified mice models as well as their wild type siblings were
either provided by authors of this manuscript (Dr. Levin and Dr. Buck for Adcy10/-; Dr. Celia Santi for SLO3 KO; Dr. Patricia Martin-De Leon for PMCA4 KO) or
donated (CatSper KO mice were donated by Dr. David Clapham). Three of these
lines can also be obtained as cryopreserved embryos. The respective strain,
stock number and respective website information are: Adcy10 KO: B6;129S5Adcy10tm1Lex/Mmnc; Stock number: 011659-UNC
(https://www.mmrrc.org/catalog/sds.php?mmrrc_id=11659). CatSper1 KO:
B6.129S4-Catsper1tm1Clph/J; stock number: 018311
(https://www.jax.org/strain/018311). PMCA4 KO: Atp2b4 nulls, MMRRC; Stock
No: 36807-JAX (https://www.mmrrc.org/catalog/sds.php?mmrrc_id=36807). For
embryo recipients, surrogate mothers were CD1 (ICR) females, 8–12 weeks of
age. In experiments in which phosphorylation by PKA was investigated,
C57BL/6J male and CD-1 (ICR) or corresponding KO mice were used. CD-1
(ICR) Vasectomized males were obtained from Charles River.
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6.3 Sperm Preparation
6.3.1 Sperm Preparation Chapter 2
Cauda epididymal mouse sperm were collected from CD1 retired male breeders
(Charles River Laboratories, Wilmington, MA) from young adult (7–8 week-old
mice), and CatSper KO (Ren et al., 2001) mice. Each cauda epididymis was
placed in 500 μL of a modified Krebs-Ringer medium (Whitten’s HEPES-buffered
medium) (Moore et al., 1994) in the presence or absence of Ca2+ as described
for each experiment. Briefly, this medium contained the following compounds
(concentrations are given in parenthesis): NaCl (10 mM), KCl (4.4 mM), KH2PO4
(1.2 mM), MgSO4 (1.2 mM), Glucose (5.4 mM), Pyruvic Acid (0.8 mM), Lactic
Acid (2.4 mM), Hepes Acid (20 mM). This medium does not support mouse
sperm capacitation. After 10 min incubation at 37 °C (swim-out), epididymis were
removed, and the suspension adjusted with non-capacitating medium to a final
concentration of 1–2x107 cells/ml before dilution of four times in the
experimentally appropriate medium. The sperm were then incubated at 37 ºC for
at least 1 h in media containing increasing Ca2+ concentrations in the absence or
in the presence of 15 mM NaHCO3- and 5 mg/ml BSA. To test the effect of
inhibitors, sperm were incubated under the conditions described above in the
presence of increasing concentrations of inhibitors. These compounds were
assayed for 1 h and were added from the beginning of the incubation period. For
in vitro fertilization (de Mouzon et al.) assays, sperm were first incubated in
Whitten’s medium without HEPES containing 25 mM NaHCO3- and 5 mg/ml BSA
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in the absence or in the presence of Ca2+ as indicated. The medium was
previously equilibrated in a humidified atmosphere of 5% CO2 at 37° C
(Wertheimer et al., 2008).
6.3.2 Media and Sperm Preparation Chapter 3
Medium used for sperm capacitation and fertilization assays was Toyoda–
Yokoyama–Hosi (standard TYH) medium(Toyoda Y, 1971), containing 119.37
mM NaCl, 4.7 mM KCl, 1.71 mM CaCl2.2H2O, 1.2 mM KH2PO4, 1.2 mM MgSO4.
7H2O, 25.1 mM NaHCO3-, 0.51 mM Na-pyruvate, 5.56 mM glucose, and 4 mg/mL
bovine serum albumin (BSA), 10 μg/mL Gentamicin and phenol red 0.0006% at
pH 7.4 equilibrated with 5% CO2. For capacitating conditions Ca2+ ionophore
A23187 was used at a final concentration of 20 μM in TYH as previously
described(Tateno et al., 2013).
Cauda spermatozoa were collected from each of the mouse strains
described above. Each cauda epididymis was placed in 500 μL of TYH media.
After 10 min. incubation at 37°C (swim-out), epididymis tissue debris were
removed, and the suspension adjusted to a final concentration of 1–2 107 cells/ml
and divided into two aliquots. Aliquots were supplemented with either 20 μM
A23187 or equivalent quantities of DMSO (for controls) and further incubated at 37
°C. After 10 min. incubation, sperm were washed with 2 rounds of centrifugations
(first one at 500 x g and the second one at 300 x g for 5 min each) in A23187-free
TYH medium. Sperm were then re-suspended in A23187-free TYH and capacitated
in CO2 incubator for an additional hour and 20 min. To evaluate sperm in
conditions in which PKA is inactivated, H89 was used at a concentration of 50
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µM for all incubation periods including those used for washing the ionophore
A23187. After capacitation in each condition, sperm were used for the analysis of
phosphorylated PKA substrates, hyperactivation and fertilizing capacity.
6.3.3 Media and Sperm Preparation Chapter 4
Medium used for sperm capacitation and fertilization assays was
Toyoda–Yokoyama–Hosi (Complete TYH or C-TYH) medium(Toyoda Y, 1971),
containing 119.37 mM NaCl, 4.7 mM KCl, 1.71 mM CaCl2.2H2O, 1.2 mM
KH2PO4, 1.2 mM MgSO4. 7H2O, 25.1 mM NaHCO3-, 0.51 mM Na-pyruvate, 5.56
mM glucose, and 4 mg/mL bovine serum albumin (BSA), 10 μg/mL Gentamicin
and phenol red 0.0006% at pH 7.4 equilibrated with 5% CO2. For Sperm Energy
Restriction (SER) treatment Glucose and pyruvate was removed from the TYH
media above (F-TYH).
Cauda spermatozoa were collected from each of the mouse strains
described above. One cauda epididymis was place in 2 ml of C-TYH and the
other one in 2 ml of F-TYH media. After 10 minutes, both cauda epididymides
were removed, and sperm were washed by 2 centrifugations (1- 2000 rpm and 21500 rpm). For the first centrifugation supernatant was removed and sperm were
re-suspended up 2 ml with C-TYH control or F-TYH SER treatment. In the last
centrifugation supernatant was removed and sperm were re-suspended up 500
ul with C-TYH control or F-TYH SER treatment. Then, sperm suspensions remain
for about 40 minutes in both media until sperm from F-TYH stops moving (Sperm
Energy Restriction treatment or SER treatment). Thereafter, 1.5 ml of C-TYH to
both suspensions was added. Centrifuge for 5 minutes at 1500 RPM, take
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supernatant up to 300 ul and re-suspend sperm suspensions up to 500 ul with CTYH. For CatSper and C57BL/6 capacitating with Ca2+ ionophore A23187 was
used at a final concentration of 20 μM in TYH as previously described(Navarrete
et al., 2016). For SER and Ca2+ ionophore A23187 Treatment combination, SER
treatment was done as above explained. However, around 35 minutes before
sperm stop moving 5 uM of Ca2+ ionophore A23187 was added for 5 minutes.
Thereafter, 1.5 ml of C-TYH was added. The sperm suspension was centrifuged
for 5 minutes at 1500 rpm, supernatant was removed and it was re-suspended up
to 2 ml with C-TYH. Then, this 2 ml was centrifuged again for minutes at 1500
rpm; supernatant was removed until 300-ul and sperm suspension was resuspended up to 500 ul with C-TYH.
For western blots Cauda epididymal mouse sperm were collected from
C57BL6/J male from young adult (7–8 week-old mice) (Charles River
Laboratories, Wilmington, MA), Each cauda epididymis was placed in 2 ml of
modified Toyoda–Yokoyama–Hosi (M-TYH/HEPES) (Kito and Ohta, 2008). In the
presence or absence of glucose and pyruvate as described for each experiment.
Briefly, this medium contained the following compounds: 119.37 mM NaCl, 4.7
mM KCl, 1.71 mM CaCl2.2H2O, 1.2 mM KH2PO4, 1.2 mM MgSO4. 7H2O, 0.51
mM Na-pyruvate, 5.56 mM glucose, 20 mM Hepes. This medium does not
support mouse sperm capacitation. After 10 min incubation at 37 °C (swim-out),
epididymis were removed, and the suspension was centrifuge as described
above, and re-suspended in M-TYH in the presence or absence of glucose and
pyruvate. When sperm stop moving around 40 minutes after the last
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centrifugation, 100 ul of sperm (1–2x107 cells/ml) suspension were place in
capacitation conditions (5mg/ml BSA and 15 mM HCO-3), in the presence or
absence of 5.56 mM glucose and 0.51 mM sodium pyruvate final concentration.
The sperm were then incubated at 37 ºC for at least 1 h in media and then
protein was extracted for Immunoblotting.
6.4 SDS-PAGE and Immunoblotting
Sperm were collected by centrifugation, washed in 1 ml of phosphate buffer
solution (PBS), resuspended in Laemmli sample buffer (Laemmli, 1970), boiled
for 5 min and centrifuged once more. Supernatants were then supplemented with
5% β-mercaptoethanol and boiled again for 3 min. Protein extracts equivalent to
1–2x106 sperm were loaded per lane and subjected to SDS-PAGE an electrotransfer to PVDF membranes (Bio-Rad) at 250 mA for 60 min on ice.
Immunoblotting with either anti-pPKAS antibodies (clone 100G7E) or with anti-PY
(clone 4G10) was carried out as previously described (Krapf et al., 2010). For
immunodetection of mouse sperm calcineurin A and cyclophilin, PVDF
membranes were blocked with 5% fat-free milk in TBS containing 0.1% Tween
20 (T-TBS) and antibodies used at 1:1,000 final concentration. Secondary
antibodies were diluted in T-TBS (1:10,000). An enhanced chemiluminescence
ECL plus kit (GE Healthcare) was used for detection. Hexokinase, a protein
known to be constitutively phosphorylated on tyrosine residues in mouse sperm,
served as a loading control (Porambo et al., 2012; Visconti et al., 1995a). When
necessary, PVDF membranes were stripped at 65° C for 15 min in 2% SDS,
0.74% β-mercaptoethanol, 62.5 mM Tris, pH 6.5, and washed six times for 5 min
121

each in T-TBS. For all experiments, molecular masses are expressed in kDa.
Image analysis was conducted using the freeware ImageJ v1.48, downloaded
from the NIH website (http://imagej.nih.gov/ij/download.html). The bar at the left
of the graph labeled the region from the Western blot used for quantification. In
all cases, results were normalized arbitrarily considering the Ө Ca2+ lane as the
unit value. After normalization using at least three independent blots, results were
reported as mean ± standard error of the mean (Ozkosem et al.).
6.5 Hyperactive and Motility Parameters
Sperm suspensions (25 μl) were loaded into one pre-warmed chamber
slide (depth, 100 μm) (Leja slide, Spectrum Technologies) and placed on a
microscope stage at 37 ºC. Sperm movements were examined using the CEROS
computer-assisted semen analysis (CASA) system (Hamilton Thorne Research,
Beverly, MA). The default settings include the following: frames acquired: 90;
frame rate: 60 Hz; minimum cell size: 4 pixels; static head size: 0.13-2.43; static
head intensity: 0.10-1.52; static head elongation: 5-100. Sperm with hyper
activated motility, defined as motility with high amplitude thrashing patterns and
short distance of travel, were sorted and analyzed using the CASAnova
software(Goodson et al., 2011). At least 20 microscopy fields corresponding to a
minimum of 200 sperm were analyzed in each experiment.
6.6 Sperm Motility Video Recordings
Sperm suspensions (25 μl) were loaded into one pre-warmed chamber slide
(depth, 100 μm) (Leja slide, Spectrum Technologies). Videos were recorded for
15 seconds using an Andor Zyla microscope camera (Belfast, Northern Ireland)
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mounted on Nikon TE300 inverted microscope (Chiyoda, Tokyo, Japan) fitted
with 20 times objective lenses. Sample temperatures were maintained at 37 °C
using a Warm Stage (Frank E. Fryer scientific instruments, Carpentersville,
Illinois).
6.7 Mouse eggs collection and IVF assays
6.7.1 IVF assay chapter 2
Metaphase II-arrested eggs were collected from 6–8 week-old super ovulated
C57BL/6 female mice (Charles River Laboratories) at 12 h after human chorionic
gonadotropin intraperitoneal injection as previously described (Wertheimer et al.,
2008). The cumulus-oocyte complexes (COCs) were placed into a well with 500
μl of media (Whitten’s media with or without Ca2+ depending on the experiment)
previously equilibrated in an incubator with 5% CO2 at 37 °C. Fertilization wells
containing 25-40 eggs were inseminated with sperm (final concentration of 2.5 x
106 cells/ml) that had been incubated for 1 h and 20 min in a Whitten’s medium
supporting capacitation with or without Ca2+ depending on the experiment. After
4 h of insemination, eggs were washed and put in fresh Whitten’s media. The
eggs were evaluated 24 h post-insemination. To assess fertilization, the three
following criteria were considered: 1) the formation of the male and female
pronuclei, 2) the emission of the second polar body, and 3) two- cell stage
events.
6.7.2 IVF assay chapter 3
Metaphase II-arrested mouse eggs were collected from 6–8 week-old
super ovulated CD1 (ICR) female mice (Charles River Laboratories) as
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previously described (Navarrete et al., 2015). Females were each injected with 510 IU equine chorionic gonadotropin and 5–10 IU human chorionic gonadotropin
48 h apart. The cumulus-oocyte complexes (COC´s) were placed into a well with
500 μl of media (TYH standard medium) previously equilibrated in an incubator
with 5% CO2 at 37 °C. Fertilization wells containing 20-30 eggs were inseminated
with sperm incubated as described above in medium supporting capacitation with
or without A23187 treatment (final concentration of 1 × 106 cells/ml). After 4 h of
insemination, eggs were washed and put in fresh media. The eggs were
evaluated 24 h post-insemination. To assess fertilization the three following
criteria were considered: 1) the formation of the male and female pronuclei; 2)
the emission of the second polar body; and 3) two-cells stages.
6.7.3 IVF assay chapter 4
Metaphase II-arrested mouse eggs were collected from 6–8 week-old
super ovulated CD1 (ICR) or C57BL6/J female mice (Charles River Laboratories)
as previously described (Navarrete et al., 2015). Females were each injected
with 5-10 IU equine chorionic gonadotropin and 5–10 IU human chorionic
gonadotropin 48 h apart. The cumulus-oocyte complexes (COC´s) were placed
into a drop of 90 μl of media (TYH complete) covered with mineral oil and
previously equilibrated in an incubator with 5% CO2 at 37 °C. Fertilization drops
containing 20-30 eggs were inseminated with sperm incubated as described
above in medium supporting capacitation with or without A23187 or SER treatment
or both treatments (final concentration of 1-5 × 105 cells/ml or if indicated in the
text). After 4 h of insemination or if time was estimated in the text, eggs were
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washed and put in fresh media. The eggs were evaluated 24 h postinsemination. Fertilization rates were calculated as the total number of 2-cell
embryos divided by the total number of inseminated oocytes multiplied by 100.
For Ca2+ oscillations assay IVF was performed as above, After 60 to 90 minutes
of insemination eggs were washed and put in fresh C-TYH to follow Ca2+
oscillations method below.
6.8 Embryo Culture, Embryo transfer and Mice Genotyping
Twenty-four hours post-insemination, fertilized 2 cell embryos were
transferred to drops containing KSOM media and further incubated between 3.5
and 4.1 days. At this stage, the percentage of blastocyst formation was
evaluated. In some cases, 10 to 20 blastocysts were transferred to 2.5 days post
coitum (dpc) pseudo-pregnant CD-1 recipient females using the non-surgical
uterine embryo transfer device(Bin Ali et al., 2014). Pseudo-pregnant CD-1
recipient females were obtained by mating with vasectomized males (obtained
from Charles River) one day after in vitro fertilization. Only females with a clear
plug were chosen as embryo recipients; late morula and early stage blastocysts
were chosen to be transferred. Routine genotyping was performed with total DNA
from tail biopsy samples from weaning age pups as templates for PCR using
genotyping primers for CatSper gene forward [5’TAAGGACAGTGACCCCAAGG-3’] and reverse [5’TAAGGACAGTGACCCCAAGG-3’] and for the reporter gene Lacz forward
[5’TGATTAGCGCCGTGGCCTGATTCATTC-3’] and reverse [5’-
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AGCATCATCCTCTGCATGGTCAGGTC-3’] as described by the original
authors(Ren et al., 2001).
6.9 Artificial Insemination
8-10 week-old CD1 (ICR) female mice (Charles River Laboratories) were
super ovulated. Day one at 5:00 pm females were each injected with 5-IU of
equine chorionic gonadotropin (PMSG) and 5-IU of human chorionic
gonadotropin (HCG) 48.5 h apart around (5:30 pm- Day 3). On day 3 prepare FTYH and C-TYH and incubate overnight at 37 degrees Celsius in 5% CO2. On
day 4 around 7:45 am, sacrifice one C57BL6/J male and collect fresh sperm from
the cauda epididymis. One cauda epididymis was place in 2 ml of C-TYH and the
other one in 2 ml of F-TYH media. After 10 minutes, both cauda epididymides
were removed, and sperm were washed by 2 centrifugations (1- 2000 rpm and 21500 rpm). For the first centrifugation supernatant was removed and sperm were
re-suspended up 2 ml with C-TYH control or F-TYH SER treatment. In the last
centrifugation supernatant was removed and sperm were re-suspended up to
250 ul with C-TYH control or F-TYH SER treatment. Then, sperm suspensions
remain for about 40 minutes in both media until sperm from F-TYH stops moving
(Sperm Energy Restriction treatment or SER treatment). Then around 9 am,
embryo transfer device was loaded with 20 µl of fresh sperm (CAP or SER
Treatment) and transferred to the uterine horns of female CD1 mice. A total of 40
µl of fresh sperm was transferred. Therefore, to prevent sperm activation in SER
treatment the device was wash with F-TYH every time that speculum went inside
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the female. Thereafter, intrauterine insemination females were paired with a
vasectomized male overnight (Stone et al., 2015).
6.10 Ca2+ image recordings
6.10.1 Sperm Ca2+ image recordings
Sperm were incubated in Whitten’s medium containing 2 µM Fluo-4 AM
(Invitrogen, Life Technologies, NY) and 0.05 % pluronic acid for 45 min at 37° C
and then washed by centrifugation. Sperm heads were then allowed to stick to
coverslips previously coated with mouse laminin (2 mg/ml, Invitrogen, Life
Technologies, NY). The coverslip with bound spermatozoa was placed at the
bottom of the recording chamber (De La Vega-Beltran et al., 2012a) containing
Whitten’s medium. Recordings were made for ~2 min in the presence of Ө Ca2+
media, thereafter this media was washed out and replaced by Ө Ca2+ media
containing EGTA 1 mM during ~3 min. At the end of this time, Ө Ca2+ media was
replaced during other ~2 min followed by a 2 mM Ca2+ addition for ~2 min more.
At the end of the recording, 20 µM of Ionomycin was added to increase
intracellular Ca2+ as a functional control and for quantification purposes.
Recordings were performed at 37° C using a temperature controller model 202A
(Harvard Apparatus, Holliston, MA). Sperm were viewed using an inverted
microscope (Nikon Eclipse Ti-U, Melville, NY) equipped with an oil immersion
fluorescence Nikon plan Apo TIRF objective (60 x/1.45) DIC H/N2. An EL6000
Leica mercury short-arc reflector lamp with an integrated shutter was connected
via a liquid light guide to the microscope. For excitation and emission collection
of Fluo-4 the filter set GFP 96343, Dichroic: 495, Exc: 470/ 40 and barrier 525/50
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filters were used (Nikon, Melville, NY). Fluorescent images were acquired with
an Andor Ixon3 EMCCD camera model DU-897D-C00#B (Andor Technology,
UK) under protocols written in Andor iQ 1.10.2 software 4.0 version. Images
were acquired at 0.4-0.5 Hz with exposure/illumination time of 30 ms. Movies
were processed and analyzed with macros written in Image J (Version 1.38,
National Institutes of Health). The fluorescence changes measured in the
different Ca2+ concentration conditions were normalized with respect to those
induced by ionomycin.
6.10.2 Oocyte Ca2+ image recordings
[Ca2+]i was measured using the Ca2+ sensitive dyes Fura-2-acetoxymethyl ester
(Fura 2-AM, Molecular Probes; Invitrogen). Oocytes were loaded with 1.25 μM
Fura-2AM supplemented with 0.02% pluronic acid (Molecular Probes) in C-TYH
for 10 min in the incubator with 5% CO2 at 37o C to speed up internalization of
Fura 2-AM in the oocyte cytoplasm. Oocytes were placed in micro-drops of TLHEPES on a monitoring glass bottom dish (Mat-Tek Corp.) under mineral oil.
Eggs were monitored simultaneously using inverted microscope (Nikon) outfitted
fluorescence measurements. Fura 2-AM was excited between 340 nm and 380
nm by a filter wheel (Ludl Electronic Products Ltd.), and fluorescence was
captured every 20 s.
6.11 Blastocyst nuclear staining
A total cell count of 35 individual 3.5 days blastocyst for each condition was
stained. Embryos were removed from embryo culture medium and wash 2 times
in 100 μl drop of PBS containing 1 mg/ml BSA by transferring the embryos from
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drop to drop. Fix embryos in 100 μl drop of paraformaldehyde solution [4% (w/v)
in PBS, pH 7.4] for 20 minutes at room temperature. Wash the embryos 3 times
in 100 μl drop PBS-BSA by transferring the embryos from drop to drop. Then
transfer embryos to a 100 μl microdrop of 1μg/ml Hoechst 33342 in PBS- BSA.
Stain the cells for 10 minutes. After that, wash embryos two times in 100 μl drops
of PBS-BSA transferring the embryos drop to drop and mount embryos on slide.
6.12 Statistical analysis
Data from all studies are analyzed using SIGMA plot software
(www.sigmaplot.com). Data are expressed as the means ± S.E.M. The difference
between mean values of multiple groups was analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s test. Statistical significances are indicated
in the Figure legends.
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